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Abstract
The purpose of this thesis is to present experimental techniques and results of the 
characterisation of intermixed GaAs/AlGaAs quantum well material, specifically 
gain spectra and carrier lifetime measurements. Relationships are established be­
tween intermixing and internal scattering loss, quantum efficiency, quantum well 
gain coefficient, peak modal gain, and radiative and non-radiative recombination 
rates.
The process of quantum well intermixing, to engineer the bandgap of quantum 
well material, is now a well understood and reproducible technique. It can be 
used in producing extended cavity lasers, multi wavelength lasers and photonic 
integrated circuits. However, little work has been carried out to quantify the 
effects of intermixing on material parameters. Until now device optimisation has 
been carried out by a trial and error technique.
One of the most fundamental aspects of laser behaviour concerns the gain char­
acteristics of the amplifying medium. An understanding of these characteristics is 
necessary if one is to make meaningful estimates of steady state or transient laser 
output intensity and frequency.
Optimisation of these fundamental parameters allows the last bit of performance 
such as optical power, spectral width and modulation speeds, to be squeezed from 
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“It is the nature of man to want to know”, Aristotle
This thesis presents novel measurements of the gain spectra and radiative and non- 
radiative recombination rates of intermixed GaAs/AlGaAs quantum well material.
Characterisation of intermixed semiconductor quantum well material is a powerful 
technique which allows devices, such as extended cavity lasers, photonic integrated 
circuits and wavelength division multiplexers, to be designed and optimised prior to 
fabrication. Alternatively time consuming and expensive fabrication of a number 
of devices could be carried out with small variations in the fabrication variables to 
achieve optimisation.
The original inspiration for the work presented here was to obtain values of differ­
ential gain for intermixed quantum well material to use in a computer model for 
a three section laser. A three section, Q-switched laser was to be modelled where 
the gain section was to be intermixed so that the peak gain at threshold in the 
active regions coincided with the first exciton peak in the passive/absorber region 
as shown in Figure 1.1.
By increasing the amount of absorption in the absorber section it will take more 
time to bleach this section preventing optical feedback from occurring and hence 














Figure 1.1: Showing a) a three section laser, the centre section is a passive/absorber 
section and the two outer regions are the active/pumped regions, b) the desirable 
gain spectra (red solidd) for the passive section with respect to the original (dotted 
red) and the active section (solid blue) gain spectra.
should affect the pulsed laser output so tha t the laser light pulses become less 
frequent but more powerful. Some preliminary model results showed that a shift 
of 0.04eV could cause the peak power to increase by five times [1]. Experimental 
work has been carried out to measure the effect of intermixing on mode-locked 
extended cavity lasers [2]. The effect of intermixing caused the pulse width to be 
reduced and the amount of jitte r in the output to be decreased.
L ite ra tu re  review .
Prior to the work presented here extensive gain spectra measurements had been 
carried out for as-grown quantum well material from both III-V semiconductor 
material and II-VI material [3]. Several techniques have been used to make these 
measurements and these will be described briefly in Chapter 2. The method used 
by the author is that of Henry et al [4] and further developed by Blood et al [5].
Einstein [6] first postulated relationships between absorption and stimulated emis­
sion and absorption and spontaneous emission. The work presented here builds 
on these foundations to show a relationship between spontaneous emission spectra 
and gain spectra. From the spontaneous emission spectra measurements the non­
equilibrium Fermi energy separations are calculated, for currents at threshold and
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below, and thus gain spectra can be calculated.
To the author’s knowledge no work has been published concerning the experimen­
tal measurement of gain spectra for intermixed material. A number of reports 
have been published concerning the peak modal gain at threshold for intermixed 
material calculated from the light-current-voltage measurements [7]. T h e  nov­
e lty  of th e  research  p resen ted  in th is  th esis  lies in th e  ap p lica tio n  of 
gain  s p e c tra  m easu rem en ts  to  in te rm ix ed  q u a n tu m  well m a te ria l. Work 
has been previously reported concerning the evaluation of gain in an intermixed 
semiconductor laser using a model to calculate the gain spectra.
Spontaneous emission measurements from a semiconductor laser can be a powerful 
tool in evaluating material properties and constants of the laser. A greater under­
standing of any properties allows devices to be designed and optimised through 
the use of theoretical models rather than through a labour and material intensive 
trial and error process when fabricating a device.
From spontaneous emission gain spectra it is possible to evaluate [8]: gain spectra; 
refractive index change via the Kramers-Kronig relationships; linewidth enhance­
ment factor; non-linear gain. Through the spatial distribution of spontaneous 
emission it is possible to find the distribution of scattering centres, temperature 
and carrier density distributions and radiative and non-radiative carrier lifetimes.
Through the gain spectra measurements there are clear indications that the ra­
diative recombination rate decreases with increased intermixing. Further measure­
ments were made of the time taken for the laser to begin to emit spontaneous 
radiation compared to when the current pulse was applied to the laser to calculate 
the radiative recombination times [9]. From this these measurements it was also 
possible to calculate non-radiative lifetimes.
B ackground  to  in term ix in g .
Intermixing is a well understood technique for the post-growth band gap engineer­
ing of quantum well material. Intermixing or disordering is due to the material 
in the quantum well mixing with the material in the barrier and thus causing the
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energy gap of the well to increase. This process can ultimately be carried out to 
completely annihilate the wells and form bulk material. Interm ixing m aterial 
significantly eases the production of devices when both active and pas­
sive elem ents are required to be integrated m onolithically. Examples of 
this include extended cavity lasers [10], [11] and phase modulators [12]. Another 
use of band gap engineering is in the production of wavelength division multiplexers 
and de-multiplexers [13] in optical communications.
Several academic institutions are active in carrying out research into intermixed 
material. The first work on quantum well intermixing was published in 1985 [14] by 
a group in the USA. The number of publications on intermixing is increasing yearly 
showing it to still be an active field of research. The only significant group in the 
UK researching this area is Department of Electronic and Electrical Engineering 
at the Univeristy of Glasgow under John Marsh. Many oriental countries who hold 
competitive positions in the semiconductor industry are researching various forms 
of intermixing these include Korea, Singapore, China, Taiwan and Hong Kong. 
Other countries publishing work in this field include Canada, Australia and USA.
The University of Glasgow have a strong team carrying out research into a num­
ber of different methods of intermixing. They have produced results showing the 
effects of intermixing on light-current-voltage measurements but have not further 
characterised the material. The originality of the work presented here is 
as an extension of the work at Glasgow to further characterise inter­
m ixed quantum  well m aterial using well understood characterisation  
techniques.
N ovelty of present research.
Limited characterisation of intermixed material has already been performed at 
Glasgow through simple light-current-voltage experiments. The purpose of the 
work presented here is to further these measurements, to increase the knowledge 
of intermixed material parameters and in order that the accuracy of device models, 
which incorporate intermixed quantum well material, be improved. The technique 
used for gain spectra measurement has been well documented. However, the work
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presented here uses a novel method of characterisation which requires no knowledge 
of material parameters in order to calibrate the measured gain spectra. This is the 
first time, to the author’s knowledge, that this calibration method has been used 
in conjunction with these experimental gain spectra measurements.
The significance of the work presented here is through the application of gain 
spectra measurements and radiative and non-radiative recombination coefficients 
to intermixed material. This could have a major impact on the design of optoelec­
tronic devices incorporating intermixed quantum well material.
1.0.1 Synopsis of thesis.
Chapter 2 gives a thorough background to the applications of lasers followed by 
an historical review of the development of the semiconductor laser. It then gives 
specific technical detail about semiconductor lasers and in particular quantum 
well lasers. A background of different processes of intermixing is given at the 
end of this chapter and some specific applications of intermixed quantum well 
material are mentioned. Finally, a history of the different techniques of gain spectra 
measurements are given.
Chapter 3 starts with the experimental detail of intermixing and photolumines­
cence measurements which were carried out at the University of Glasgow. The 
laser fabrication section gives techniques relevant for the fabrication of lasers in 
the clean room at the University of Bath. It follows the fabrication process from 
the wafer stage through the various etch steps, n-type contacts and p-type con­
tacts and finally cleaving of individual lasers. Finally, electrical testing of lasers 
shows details of measurements of light-current-voltage, near fields and spontaneous 
emission data collection methods.
Chapter 4 gives a theoretical background to the analysis of the data measured 
in this thesis. This includes analysis of light-current-voltage curves to evaluate 
quantum efficiency, scattering and gain coefficients. Detail is given of the deriva­
tion of the quasi-Fermi energy separation for the calculation of gain spectra from 
spontaneous emission spectra based on the Einstein relations. Further analysis
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of light-current relations and time delay measurements allow radiative and non- 
radiative recombination rate measurements to be made and hence carrier life times 
calculated.
Chapter 5 presents the results of the light-current-voltage experiments and gain 
spectra for seven samples. Two samples came from material B consisting of 4 
quantum wells and five from material A with 6 quantum wells. For each material 
one as-grown sample was tested for comparison and the other samples were in­
termixed by varying degrees. This chapter also considers the errors in the results 
and compares them with other work. Carrier life time results are presented for 
material A.
Chapter 6 concludes the research presented in this thesis and gives some sugges­
tions for future directions that such work should take.
Chapter 2
R eview  of lasers.
S e m ic o n d u c to r  a solid substance that is a non-conductor at a low temperature but has a 
conductivity between that of insulators and that o f most metals when containing a suitable 
impurity or at a higher temperature. The importance o f the semiconductor lies in the fact that, 
in comparison with metals, their conductivity is much more sensitive to factors such as heat, 
light, applied voltage and traces of impurities. Oxford Reference D ictionary 1996
2.1 Introduction.
Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. 
To create laser light it is necessary to have a medium which can produce optical 
gain, has an optical feedback system (e.g. mirrors) and can sustain population 
inversion.
Laser light may have many special properties: it is coherent; highly directional; 
high intensity; only emits light over a narrow bandwidth of wavelengths and for 
certain types of laser can be modulated to produce short pulses of the order of 
femtoseconds.
The concept of the laser was first considered by Einstein in 1917 [6] but it was not 
until 1960 that the idea came to fruition. After the maser was produced, giving 
microwave amplification, the idea was extended to optical frequencies and in 1960
15
2. Review of lasers. 16
Maiman [16] produced the first ruby laser. The next decade saw a succession of 
new types of laser which are summarised in Table 2.1. Nowadays lasers are a 
multi-million pound industry and are common in the home and work place.
1960 ruby laser
1961 helium-neon laser
1962 semiconductor laser [17], [18], q-switching first demonstrated
1963 CO2 laser, mercury ion laser
1964 argon ion laser, mode-locking first demonstrated
1966 helium-cadmium (metal vapour) laser, organic dye laser
1975 excimer laser, quantum well laser
1979 widely tunable solid state laser
1985 soft X-ray laser
Table 2.1: Showing the fast progression of laser technology after the first ruby 
laser was produced by Maiman in 1960. Also shown in italics is the progression of 
different methods for laser pulsation.
2.1.1 Laser applications
Everyday uses of lasers include CD players and CD writers, printers, bar-code 
scanners, laser pointers and in communication systems such as telephones, internet, 
fax. and digital television. Lasers also have applications in industry such as 
precision cutting and welding, in medicine for cutting, internal explorations, and 
skin cancer therapy, in the military for imaging and target alignment and of course 
lasers have many applications in the laboratory including material characterisation, 
lithography, cell cytometry, optical alignment and holography. This section looks 
at the different classes of the lasers listed in Table 2.1, the basic mechanism of 
their operation and considers some of their applications.
D oped insulator laser.
The ruby laser is constructed by a flash lamp tube shining onto a ruby crystal 
with mirrors external to the crystal to give feedback. Ruby is made of aluminium 
oxide doped with chromium ions which provide energy levels to allow population
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inversion to occur. The ruby laser comes in the laser category of “doped insulator 
laser” but whilst being well known for being the first laser it is rarely used today.
A laser more commonly found in the laboratory in this group is the Nd:YAG. The 
active element is made of neodymium doped yttrium  aluminium garnet. A xenon 
flash tube is used to excite electrons. The flash lamp produces a flash lasting about 
lms and creates a train of pulses of laser light of about lfis duration. Whilst the 
Nd:YAG is far more efficient than the ruby laser its power efficiency is only about 
0.1%. By Q-switching the Nd:YAG laser shorter pulses of light are produced of 10- 
100ns with powers in the order of Mega Watts(MW). Whilst this does not increase 
the efficiency, the higher power pulses have a larger number of applications in areas 
such as industry (drilling, welding), military (range finding) and scientific (X-ray 
production, pump for other lasers eg. tunable dye laser).
Gas lasers.
The most common gas laser found in the laboratory is the helium-neon (He-Ne) 
laser which produces a few milliwatts of continuous wave power in the visible part 
of the spectrum at most commonly 632.8nm but also at 543.5nm and 514.Onm. Its 
visibility to the human eye, longevity and compact size add to the popularity of 
this lasers. It is not only used in the laboratory but also for bar-code scanners and 
laser printing.
Also in the gas laser group is the powerful carbon dioxide laser at 10/im. These 
lasers produce around lOOkW of continuous power or 10GW of pulsed power. 
The size of the laser will affect the possible output power but since it requires 
an external cooling system these lasers are not very portable. The high power 
particularly lends itself to industrial application such as cutting, welding, melting 
and medical applications.
Both the He-Ne and CO2 laser operate by containing the gas, which is the gain 
medium, in a discharge tube. A high voltage is applied across the tube to elec­
trically excite the atoms in the tube. The He-Ne works by excitation of the neon 
atoms by the discharge current created by the high voltage across the tube, whereas
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in a carbon dioxide laser atoms store energy in vibrational or rotational modes 
rather than by exciting atoms to a higher energy level.
The argon ion laser can fall into either the gas grouping or ion grouping. The 
argon ion laser can produce laser light at discrete wavelengths between 275.Onm 
and 868.lnm. On the stronger emission lines (488.Onm and 514.5nm) continuous 
wave powers up to 100W can be produced or up to a kilo W att(kW) in microsecond 
(/zs) pulses. The high discharge current required to create and excite the ions 
means that argon ion lasers require water cooling during operation. Applications 
for these lasers include pumping of organic dye lasers and titanium  sapphire lasers. 
The high intensity blue and green wavelengths make it suitable for printing.
M etal vapour laser.
The most common metal vapour laser is the helium cadmium laser. However its 
operation is different from the gas lasers explained before. Initially several grammes 
of cadmium are placed in the anode reservoir in a discharge tube and the tube is 
filled with helium. During operation the cadmium is heated and vapourised and the 
electric field in the tube draws it to the cathode where it resolidifies in a trap. The 
vapourised cadmium creates the gain media. An advantage of helium cadmium 
lasers is there higher efficiency so that air cooling is sufficient. They have a number 
of applications in the laboratory most of which utilise their short wavelengths such 
as printing on photosensitive material, flow cytometry and lithography.
D ye laser.
Dye lasers were the first broadly tunable lasers due to the number of different 
transitions possible in the dye molecules. A major advantage of liquid lasers is the 
ease of preparation of the dye compared to the complicated growth for solid laser 
material and the removal of heating problems in the gain media. Three methods 
of laser operation exist for dye lasers: pulsed; continuous wave and mode-locked. 
Continuous wave lasers are pumped by a continuous laser source such as an argon 
ion laser and can produce a few Watts of power. Dye lasers pumped by pulsed lasers
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can produce 10’s of milli Joules(mJ) in approximately 10ns pulses at a repetition 
rate of kilo Hertz(kHz). In the mode-locked regime pulses as short as 200fs can be 
produced and this can be reduced further using dispersive prisms or gratings.
The dye in the gain region is dissolved in a solvent so that a 10“3 to 10-4 molar 
solution is produced. The pump source causes the dye to fluoresce. The broad 
spectrum is due to the vibrational and rotational modes of the molecules causing a 
spreading of the available energy levels into a continuum. Additional optics can be 
used to narrow the bandwidth of laser emission. Many applications of this type of 
laser utilise the ultra-fast pulse and their broad tunability including pump-probe 
experiments on semiconductors or medical physics.
Excim er laser.
Excimer lasers consist of a gain medium made of a rare gas atom (Ar, Kr, Xe) and 
a halogen (FI, Cl, Br, I). The pulsed output is in the region of 10s of nanoseconds 
with energies of around 1J at several hundred Hertz. However there are two draw 
backs to this design of laser - the gas needs to be recycled to provide purified gas 
and the gas is highly corrosive. The narrow bandwidth of the excimer laser makes it 
efficient at cutting sharp edges in both industry and medical applications. Also the 
short wavelengths that they operate mean that they are useful for photolithography 
and for pumping dye lasers.
Solid state laser.
Currently the most widely tunable solid state laser is the titanium  sapphire which 
operates in the range 660nm to 1180nm. The gain crystal consists of about 0.1% 
titanium by weight and this creates energy levels to allow the broad lasing range. 
In continuous wave operation 10s of Watts of power can be achieved and pulses 
down to femtoseconds with Terra Watts (TW) of power can be produced. Suitable 
pump lasers are the argon ion, Nd:YAG or Nd:YLF. Other lasers in this group 
include chromium LiSaF and alexandrite. Titanium sapphire lasers have numerous 
applications including spectroscopy, LIDAR (laser detection and ranging), remote
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sensing and medical physics.
Chem ical laser.
Chemical lasers, as with ruby lasers, are not excited electrically but the energy 
for lasing is acquired by a chemical reaction. Chemicals used include hydrogen 
fluoride, deuterium fluoride, hydrogen bromide and carbon monoxide. A chemical 
vapour is fed through the gain region to produce light in the mid to near infra-red 
with powers up to MW. Such powers are required for anti-missile defence. As well 
as military applications, the wavelength of these lasers and their lack of electrical 
supply make them suitable for use in space.
The most recent class of laser to be developed operates between 3.56nm to 46.9nm. 
A high power pump laser (eg. Nd:YAG) is focused onto a solid target containing 
the gain medium (eg. Al, Mg, Na, F, O, C). The spectral output is quite broad at 
O.Olnm and powers are low in the order of micro Watts (^W) although milli Watts 
(mW) have been measured. In these lasers no feedback mirrors are used due to low 
gain duration (only a few passes would occur) and the intense excitation radiation 
would damage the mirrors.
Sem iconductor laser.
Lasers that are encountered everyday ideally need to have sufficiently low power 
so they cannot cause damage to the eye should they be reflected into it. They also 
need to operate without additional cooling and using existing, readily available 
power supplies. For many applications it is also advantageous that the output can 
be modulated at high frequencies to create a digital signal. Here semiconductor 
lasers are clearly the most advantageous.
The active volume of a semiconductor laser is typically less than a cubic millimetre. 
They are reliable for up to 105 hours, have a relative high efficiency (ratio of 
photons out to electrons in) and so do not require extra cooling. Modulation is 
easily achieved by pulsing of the electrical current into the laser to give a modulated
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output signal of the order of GHz.
The semiconductor optoelectronic industry has grown particularly rapidly in the 
last thirty years due to the ever growing demands for a great number of high speed 
optical communication links and compact devices.
One of the major driving forces of semiconductor laser research is the requirements 
of the communication industry. Semiconductor laser material such as InP/InGaAsP 
produce laser light that falls at a minimum in the absorption spectra of glass op­
tical fibres. Research has enabled semiconductor lasers to be modulated at up to 
lG b/s using Q-switching or gain switching. The compact size of a semiconductor 
laser makes it easier to multiplex signals from several lasers at slightly different 
wavelengths into one fibre. This further increases the signal density into one fibre.
Other major applications include lasers for compact disk players, which is alone a 
multi-million pound industry, laser pointers, high speed printers, free space com­
munication, medical applications, atom trapping and display technology.
2.1.2 Historical overview of the sem iconductor laser
As can be seen from the previous section lasers can be used to perform a variety 
of tasks and to fulfil these tasks many different kinds of lasers are used although 
they are all based on the same fundamental concepts. The work carried out in 
this thesis concerns the group of lasers made from semiconductor materials such 
as GaAs/AlGaAs. This group of materials is known as III-V materials due to their 
positions in the periodic table. This group of lasers are now thoroughly understood 
after over thirty years of research into their optical and material characteristics. 
Early lasers had to be cooled and had short lifetimes but improvements in material 
fabrication such as liquid phase epitaxy (LPE) and metal organic chemical vapour 
deposition (MOCVD) have meant that it is quite realistic to operate a laser at 
room temperature for several thousand hours with little degradation in the output 
characteristics.
The first semiconductor laser produced in 1962 consisted of a forward biased pn








Figure 2.1: Showing a basic heterojunction laser configuration.
junction forming the gain region and polished facets to provide feedback. A pn 
junction is formed when a piece of semiconductor material is doped with different 
dopants in two adjacent regions. Electron/hole population inversion was achieved 
by application of an external current. A minimum amount of current, called the 
threshold current 1^, is required in order to overcome the internal losses and achieve 
laser action. This is more commonly defined by the threshold current density, 
defined as threshold current per unit area. Early lasers required large threshold 
current densities and this prohibited their operation at room tem perature.
In 1963 research began into heterostructures, where a layer of one material is 
sandwiched between two layers of differing material with a larger energy gap, as 
shown in Figure 2.1 and Figure 2.2. Six years later a heterostructure laser was 
demonstrated operating at room tem perature in pulsed mode and a year later 
in continuous wave (CW) operation. As the active layer became thinner so the 
pump volume decreased. As the active layer thickness was reduced so also was 
the confinement factor, ie. the overlap of the active region and the optical mode 
also decreased, leaving a heterojunction laser with a smaller gain. Therefore an 
optimum thickness can be found which will minimise the threshold current density 
of the laser.
As material growth techniques improved the reduction in active layer thickness 
reached a new phase at «  lOnm where quantum effects became significant. This 
was the advent of the quantum well laser. Whilst this reduced the pump volume 
still further the reduction in the confinement factor can also create an increased 
threshold current density for a device. Therefore a device needs to be designed












Figure 2.2: Showing a single (left) and double (right) heterojunction with zero bias 
(top) and under forward bias (below).
with an optimal number of quantum wells to achieve a peak quantum well gain co­
efficient. Despite the gain region of quantum well lasers being extremely thin high 
power semiconductor lasers can be produced by stacking several layers together to 
make multiple quantum well lasers (MQW). The advantage of multiple quantum 
wells is the increase in the confinement factor through increasing the overlap be­
tween active region thickness and optical mode. It therefore becomes possible to 
increase the quantum well gain by increasing the number of wells within the opti­
cal mode. The number of quantum wells requires optimisation which is typically 
around 3-5 wells.
2.2 From the pn junction  to quantum  wells.
The basis of the semiconductor laser is the pn junction. At the junction between 
a positively doped semiconductor material containing an excess of holes and a 
negatively doped semiconductor material with an excess of electrons, electrons and
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Figure 2.3: Showing the formation of layers o f charge in a pn junction and the 
electric field produced by the build up of layers o f charge.
holes diffuse. The diffusion of electrons from the negatively doped (n-type) material 
into the positively doped (p-type) material leaves behind a region of positively 
charged material close to where the materials join. Similarly the movement of 
holes out of the p-type material into the n-type leaves a negatively charged region. 
This is shown pictorially in Figure 2.3. This flow of charge constitutes a current 
called the diffusion current.
The layers of charge at the junction created by the movement of electrons and 
holes cause an electric field to form across the pn junction creating a potential 
barrier,V0. The electric field causes a drift current to flow in the opposite direction 
to the diffusion current. The positive and negatively charged layers combined are 
known as the depletion region as shown in Figure 2.4. Also shown is the Fermi 
energy, E /. Equilibrium is reached when I drift = ^diffusion and therefore the Fermi 
levels in the two materials become continuous.
When a forward bias voltage V is applied to a pn junction the Fermi level in the 
two materials separates as shown in Figure 2.4. The potential barrier created by 
the junction decreases and allows a net current flow from the p to the n type region.
For laser action to occur population inversion must be achieved in the depletion 
region. This is achieved by heavy doping of the two regions and forward biasing of 
the pn junction. Doping affects the position of the Fermi energy with respect to 
the valence and conduction band energy. The addition of holes, by doping with a
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Figure 2.4: The energy level for a pn junction a) at equilibrium and b) under 
forward bias, V. Also shown below b) is the optical mode for a pn junction which is 
much larger than the junction itself Ec(v) is the conduction (valence) band energy, 
Ef is the Fermi energy and d the width o f the depletion region.
group III material, causes the Fermi energy to lower whilst doping with a group V 
material raises the Fermi energy. High doping concentrations causes electrons and 
holes to be bought closer together through the translation of the Fermi levels in 
the valence and conduction band thus increasing the likelihood of recombination.
The photons produced by the junction are not confined to the depletion region. 
Laser light is therefore produced over a relatively large area described by the optical 
mode shown in Figure 2.4 as P(x). Ideally the photons would be contained within 
the depletion region so that they can experience maximum optical gain and hence 
high amplification. This containment is quantified by the confinement factor T, 
which is defined as the overlap of the optical and the gain region. Due to their low 
confinement factor, pn junctions were only operated at 77K.
In contrast to the pn junction, which is made of the same m aterial system with op­
positely charged doping, a heterojunction is made of two different types of material 
e.g. GaAs and AlGaAs. The choice of material combinations is limited by their lat­
tice constants. Mixing two materials together with poor lattice matching creates a
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strain which will decrease the laser efficiency due to increased non-radiative recom­
bination. An advantage of the GaAs/AlxGa(i_;c)As system is the lattice matching 
to within 0 .1 % for all values of x.
Examples of a single and double heterojunction are shown in Figure 2.2. The 
wavelength of lasing light produced from such a structure is defined by the lowest 
energy gap material by A=- r^-.&9
In a double heterostructure the electrons and holes are confined to the active region 
by the step in the energy gap. As with pn junctions, with no bias applied the Fermi 
energy is level and continuous across the region. Any electrons or holes generated 
near the junction will “fall” into the lower energy gap region. Large amounts of 
thermal energy would be required to project an electron or hole from the lower to 
the higher bandgap material. Under forward bias holes and electrons are injected 
into the active region to create population inversion and allow laser action.
Fortuitously the higher energy gap material also has a lower refractive index. This 
causes the optical mode to be confined to the active region by total internal reflec­
tion. Confinement of the optical mode to the gain region allows the heterojunction 
lasers to have a much larger confinement factor, T, than that of the pn junction 
as defined in Equation 2.1. Figure 2.2 shows how the optical power distribution, 
P(z), overlaps with the low energy region of a heterostructure laser.
w
fJw P(x)dx
r  =  P M l l rJ - c o  P\x)dx
where w is the stripe width.
The quantum well laser has the same principal configuration as a double het­
erostructure laser. As the width of the central, lower energy gap material is re­
duced to the order of an electron wavelength ( 1 0 ’s of nanometres) quantum effects 
begin to occur. This state can be analysed as a quantum mechanical “particle in 
a well” problem.
For a particle in a well with infinitely high barriers wavefunction solutions are of 
the sinusoidal form. However for the case of a well of finite height, as in a semicon­
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ductor material, a superposition of sinusoidal wavefunctions exist within the wells 
and they decay exponentially outside the well. For semiconductor superlattices 
(SL) the barriers are narrow enough to allow electrons to tunnel between wells and 
allow the discrete states to broaden into bands. However in multiple quantum wells 
(MQW) the barriers are wide enough to prevent interaction between the wells.
Within a quantum well electrons only exist in discrete energy levels in the z- 
direction which can be found by solving Schrodinger’s equation. Boundary condi­
tions are applied to the quantum well Equations 2.2, 2.3 and 2.4, as depicted in 
Figure 2.5, such that and are continuous at all of the boundaries. This gives 
eigen-solutions for an infinite well of the form
* - 4 ; © ’ <25>
where m*y^ is the effective mass of the electron (hole), Lx is the well width, h is 
Planck’s constant and n is the energy level number starting at n = l. The solutions 
for a finite well are dependent on the depth of the well.
The density of states is defined as the number of states in a spherical volume 
of k space between k and k+dk. The discretisation of energy states in the z 
direction therefore also causes the discretisation of the density of states for quantum 
well material as shown in Figure 2.6. For bulk material the density of states 
is proportional to the log of the electron energy whereas for quantum wells the 
relation is
M M  = (2-6)
7T ll L x
where n=l,2,3.... and p(hv) is the electron density of states.
For bulk material the heavy hole and light hole bands coincide at k=0.
The quantisation of energy levels will also affect the gain/absorption characteristics 
of the material. As electrons are pumped into bulk material the carrier concen­
tration increases as does the photon energy of the peak gain. In quantum well 
material the electrons will first fill the lowest energy states available. Both this 
effect and the effect of light and heavy hole splitting can be seen in the computer 
generated absorption curve in Figure 2.7.
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where V is the barrier height and A, B, C and D are constants.
Figure 2.5: Showing the first three wavefunction solutions fo r  an finite, single 
quantum well.
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Figure 2.6: Showing the energy band diagram for bulk semiconductor material (solid 
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Figure 2.7: Showing the theoretical absorption spectrum for a quantum well mate­
rial [51]. It is possible to see regions of step wise structure in the spectrum and 
heavy-hole light-hole effects at l.J8 eV  and 1.59eV.
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Figure 2.8: An example of a gain spectra with important laser parameters marked. 
The transparency current is shown in red and the threshold current in blue.
2.2 .1  A nalysis o f gain spectra .
A number of important laser parameters can be obtained from a gain spectrum in 
Figure 2.8. A gain spectra is typically plotted as the gain/absorption in per unit 
length versus the photon energy in electron volts (eV).
Two significant currents can be measured from the gain spectra. One, the trans­
parency current, is where the net gain in the laser is zero. This is identified as the 
current which intersects the photon energy axis at the photon energy where laser 
action takes place. The second current is the threshold current, where the gain 
has not only over come the material loss but has achieved a sufficiently high level 
of population inversion to reach the onset of lasing.
In an ideal laser above threshold current there is no increase in gain for increased 
current as the carrier density is pinned at the threshold carrier density.
The photon energy for which positive gain first starts to occur is the energy gap of 
the material, E5. Where the spectra crosses from gain to absorption is the quasi- 
Fermi energy level separation A E f  ie. the non-equilibrium separation between the 
conduction and valence band Fermi energies. All of these are marked on Figure 
2 .8 .
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Figure 2.9: Showing the diffusion of Aluminium during the intermixing process in 
GaAs/AlGaAs quantum wells. ( This diagram is not to scale.) The colour grading 
represents the diffusion of aluminium.
2.3 Interm ixing.
Quantum well intermixing is now a well understood method of bandgap engineer­
ing. The process of intermixing causes the quantum well (e.g. GaAs) and barrier 
material (e.g. AlGaAs) to become mixed causing an increase in the energy gap 
of the quantum well material and therefore a decrease in the wavelength of emit­
ted light. This action is also exaggerated by the narrowing of the well region 
after intermixing causing the energy levels in the quantum well to move further 
apart as shown by Equation 2.5. Figure 2.9 shows the process of intermixing for 
GaAs/AlGaAs and how it affects the valence and conduction band energies of the 
quantum wells.
Previously if a sample were required to emit laser light at more than one wave-
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length, e.g. for a multiple wavelength laser, either the bandgap had to be engi­
neered during the material growth [2 1 ] or a complicated procedure of etching and 
re-growth was required after growth. Not only does this involve access to expensive 
growth equipment it is a very complicated procedure which produces a low yield 
of devices. However using selective area intermixing it is possible to spatially vary 
the energy gap of the quantum wells across the sample.
The work presented in this thesis is from samples intermixed by impurity free 
vacancy diffusion but for completeness an overview of this and several other tech­
niques are included. The final section also includes application of intermixing to 
devices, e.g. multiple wavelength lasers, extended cavity lasers, modulators.
2.3.1 Impurity Free Vacancy Diffusion (IFV D ).
This section on impurity free vacancy diffusion (IFVD) encompasses several differ­
ent techniques to promote intermixing. Each technique has a different method for 
vacancy creation and then uses an anneal to diffuse the vacancies through to the 
quantum well region. Different techniques require varying anneal temperatures 
and times. All of the times and temperatures given are for the GaAs/AlGaAs 
material system [7].
Firstly the most basic method is given. An additional layer of silica is applied 
to the capping layer on the top of the wafer by plasma enhanced chemical vapour 
deposition and the sample is then rapid thermally annealed (RTA) at around 950°C 
for a few seconds. The temperature and duration of the anneal affects the amount 
of intermixing and hence the increase in energy gap. During this annealing time 
gallium is absorbed by the silica from the top of the sample leaving behind group 
III vacancies. [20] These vacancies migrate through the sample on the group III 
interstitial causing the gallium and aluminium atoms in the quantum wells to 
become mixed much like the pieces on a chess board becoming mixed during a 
game.
By varying the material of the top layer it is possible to either promote or inhibit 
intermixing. A SrF2 , SiaN4 [7] or phosphorus doped silica cap is known to inhibit
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intermixing. By applying narrow (approx. 1 /im) stripes of the inhibiting material 
and then a complete capping layer of silica it is possible to vary the amount of 
intermixing [7] by varying the percentage cover over the surface of the sample. 
Using this method it is possible to produce samples with multiple lasers emitting 
at different wavelengths using a single intermixing step.
A number of similar methods to this also exist. The “universal damage” technique 
[2 2 ] is unique in its ability to intermix a wide range of material systems includ­
ing GaAs/AlGaAs, GalnP/AlGalnP, InGaAs/InGaAsP and InGaAs/InAlGaAs. 
Whereas for the previous technique the silica cap was deposited by plasma en­
hanced chemical vapour deposition, for this method silica is sputter deposited on 
to the samples. The anneal temperature is much lower (between 500°C and 750°C) 
for a similar time. Testing has shown that the intermixing mechanism is based on 
defects in the sample surface made during the silica deposition and it is these de­
fects that diffuse through the sample to cause intermixing. However to date this 
method has not been reproduced outside the University of Glasgow.
An alternative method is based on the creation of defects in the capping layer 
by surface oxidation and then etching of the oxidised AlGaAs layer. Samples are 
heated in air at 600° C for around 30 minutes to create a native oxide layer. This 
layer is then removed by etching in hydrofluoric acid. It has been shown [27] that 
samples which have undergone this process will intermix during a long anneal at 
600° C in a nitrogen atmosphere whereas samples that have not undergone the 
oxide etch remain unaffected by the anneal thus acting as an inhibitor.
A final variation of IFVD involves the use of “spin-on” glass [23] followed by an 
anneal using similar condition to that of the original method reported here. Whilst 
this technique is easy to pattern using standard lithography techniques it is not 
possible to inhibit intermixing without first depositing a layer of material to prevent 
intermixing.
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2.3.2 Impurity Induced Disordering (IID ).
Impurity induced disordering, as the name implies, involves adding an impurity to 
the sample to induce disordering. As with IFVD an anneal is required to diffuse 
the impurity through to the active region. There are two groups of elements 
used here: electrically active dopants such as zinc or silicon and neutral atoms 
such as fluorine and boron. Electrically neutral atoms have the advantage of not 
affecting the electrical diode characteristics of the laser. A number of elements have 
been used to promote impurity induced disordering such as zinc, silicon, gallium, 
aluminium, oxygen, phosphorus, fluorine and boron.
Impurities are added to the sample by ion implantation. Impurity atoms are “shot” 
into the material at precisely controlled energies (between 10’s of keV and MeV) 
depositing impurity doses at well-controlled depths. Atoms are distributed with 
Gaussian profiles. The depth and spatial distribution of the impurity layer depends 
on the ion and implantation energy.
During ion implantation vacancies and interstitial sites are created. The implan­
tation ion can only penetrate a fraction of a micron into the sample and as such 
remains significantly above the active region. Channelling allows the ions to reach 
greater depth into the material, and this is prevented by angling the sample with 
respect to the ion beam. After implantation the sample must be annealed. This 
allows the vacancies to diffuse through the sample and also removes much of the 
damage caused during implantation. The degree of intermixing can be controlled 
by variation of impurity species, impurity dose, ion energy, anneal time or temper­
ature [24]. Using arsenic, gallium or aluminium atoms as an impurity source has 
the added advantage that no additional dopants are added to the material.
An alternative method of adding impurities into a semiconductor is by thermal 
diffusion [25]. The sample is heated up in a gaseous atmosphere of dopants to 
very high temperatures ( « 1 0 0 0 °C), during which time dopants diffuse through the 
sample.
Neutral impurity induced disordering (NIID) uses fluorine or boron as an impurity 
source. These elements are electrically neutral, which should reduce material losses
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caused by the intermixing process. The dopant is implanted into the sample in the 
same way as for electrically active dopants and annealed in a nitrogen atmosphere. 
The type of impurity used depends on the charge of the dopants already in the 
material. [26] Damage is also caused during the implantation of fluorine and boron 
and contributes to the intermixing.
2.3.3 Laser Induced Disordering (LID)
This method of intermixing is fundamentally different to those described above in 
that it does not rely on the introduction of point defects into the material. Instead 
a high power laser beam (e.g. argon ion) is focused onto the material to cause 
localised melting. The melting and re-solidifying causes a complete annihilation 
of the quantum wells. Whilst this method has several advantages, such as being 
directly patternable and potentially impurity free, it is not possible to control the 
extent of the intermixing and the bulk material left behind is of a poorer quality 
than the original quantum well material.
A variation of this is photo-absorption induced disordering (PAID). This technique 
requires the use of a much lower power laser. The incident light is chosen to 
be at a wavelength that will be preferentially absorbed by one of the layers in 
the wafer. Heat is generated by carrier cooling and non-radiative recombination 
causing interdiffusion to take place. The application of a patterned gold layer can 
be used to prevent and control the amount of intermixing by reflection of incident 
light.
2.4 Applications of intermixed material.
Selective area intermixing has many applications such as photonic device inte­
gration, optoelectronic integrated circuits, wavelength division multiplexing and 
extended cavity lasers. The advantages of selective area intermixing over discrete 
device fabrication include simplification of assembly, more robust chips, reduction 
in size, insensitivity to vibrations, easy alignment and potentially cheaper chips
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compared with assembly from individual components. However intermixing may 
compromise the material quality and increase the complexity of fabrication. A 
number of methods in addition to intermixing have been reported to integrate 
passive and active devices onto the one chip.
B u tt coupling.
A wafer is grown containing quantum wells with a certain bandgap (BGl). Stan­
dard lithography techniques are used to etch the active layers away where they are 
not required. With the mask material still in place a second quantum well material 
with a different bandgap (BG2) is grown on to the wafer. The mask can then be 
removed.
This method was originally used with wafers grown by liquid phase epitaxy [29] 
and achieved coupling coefficients of around 80-90% [30]; however, metal organic 
chemical vapour deposition (MOCVD) gives a lower efficiency [31]. Wafer clean­
liness between growths is difficult to maintain as is growing the second bandgap 
material over a step.
Evanescent coupling.
W ith this technique a material with a smaller bandgap quantum well is grown on 
to a wafer with a larger bandgap with an etch stop layer in between. The smaller 
bandgap material can then be selectively removed. This technique has been used 
for fabrication of tuneable lasers [32], [33] and for integration of laser amplifiers 
[34]
This technique has also been reported as having high coupling coefficients and also 
has the advantage of not requiring an additional growth stage.
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Bandgap variation during growth.
For this technique the magnitude of the bandgap is changed during the wafer 
fabrication. There are a number of methods to achieve this. During MOCVD the 
gas phase concentration of the reactive species can be varied [35]. Material can be 
grown into a recess with undercut side walls [36]. Surface migration from etched 
facets can be used for particular crystallographic orientations [37].
The smooth variation in bandgap can give coupling coefficients close to 100%. 
High material quality can be maintained for limited changes in the bandgap.
Photonic integration.
The bandgap energy requirements of a circuit consisting of an active and a passive 
element are that the bandgap energy of the active element must be smaller than 
that of the passive. When an active element (with current applied) is integrated 
with a passive element (no external current applied) the peak gain of the active 
elements coincides with an absorbing region in the passive element. However if the 
spectra for the passive regions can be shifted to higher energies by intermixing, 
the peak gain of the active region can be made to correspond to a region of near 
zero absorption.
Integration of a detector with a laser allows the output from one facet of a laser 
to be monitored and fed into an external feedback circuit. The output of the laser 
can then be stabilised and drift due to ageing or temperature variation minimised. 
Such a system does not involve any alignment and is insensitive to vibrations.
2.4.1 External cavity lasers.
An external cavity laser consists of two sections. First, an active section where 
lasing is produced and second a passive section to improve the beam divergence 
of the laser output. An as-grown passive section will be highly absorbing at laser 
wavelengths. However by intermixing the passive section so that it is less absorb­
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ing at the laser wavelength greater coupling through the passive section can be 
achieved. Intermixing of the passive section of an extended cavity laser leads to 
reduced cavity losses and therefore lower threshold currents [38].
2.4.2 M odulators.
A semiconductor laser that has pulsed output due to the modulation of an ap­
plied current is subject to chirp ie. fluctuation in optical frequencies. This would 
limit data transmission rates down dispersive fibres. The amount of chirp can be 
improved by driving with a constant current and modulating its output externally.
For applications that require fast switching of either intensity or phase of the laser 
output a modulator is required. In bulk material a modulator may have consisted 
of a region which was under an applied bias which cause the absorption edge to 
shift to lower energies. This is known as the Franz-Keldysh effect and is due to 
electrons tunnelling into the conduction band. However as well as causing the 
absorption spectra to shift to lower energies the magnitude of the absorption is 
decreased.
2.4.3 Quantum Confined Stark Effect (QCSE).
Applying an electric field perpendicular to a quantum well causes the band gap to 
decrease as shown in Figure 2.10 and hence creates a red shift in the absorption 
edge of the device.
As the electrons and holes are pulled to opposite sides of the well the overlap 
integral between the electron and hole wavefunctions decreases. This effect is 
known as the Quantum Confined Stark Effect.
Use of an external switch to modulate a laser results in much lower chirp and 
therefore a smaller spectral width.
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Figure 2.10: Showing the effect o f applying an electric field to a quantum well. 
2.4 .4  W avelength D ivision  M u ltip lexers(W D M ).
Wavelength division multiplexers are notably utilised in the communications in­
dustry to improve the amount of data transm itted simultaneously through a single 
fibre. It is possible to transmit and detect several signals by encoding each sig­
nal at a slightly different wavelength. By creating several lasers emitting different 
wavelengths of light on a single sample considerably simplifies the alignment of the 
signals into the fibre and reduces the external coupling required. It is possible to 
demultiplex the signal in a similar fashion using a grating on the same substrate as 
detectors in regions of material that have been intermixed to detect the different 
wavelengths. An example of a wavelength division multiplexing system is shown 
in Figure 2.11.
2.5 M ethods for M easuring Gain.
Interest in measurement of gain for lasers occurred within the first decade after 
the invention of the laser and is still an active area of semiconductor laser research 
with new and improved methods still being found. The first investigations of gain 
spectra were carried out in 1969 by Gribbovskii and Samoilykovich [39]. This 
technique used the lateral spontaneous emission in laser devices.






Figure 2.11: Showing the components of wavelength division multiplexing system  
to allow multiple signals to be encoded and sent through a single fibre.
Measurement of gain spectra for semiconductor lasers can be broadly broken down 
into three techniques. Early measurements of gain were carried out by Hakki and 
Paoli [40] in 1975. This involved the evaluation of the modulation depth of the 
Fabry-Perot modes of lateral mono-mode lasers below threshold current. Whilst 
this method has the advantage of not requiring any further device processing and 
produces calibrated gain spectra the results have low resolution.
An alternative method was invented six years later; it measures the spontaneous 
emission spectra through a transparent window above the active stripe [4]. The 
work in this thesis is based on this method by Henry and co-workers and subse­
quently developed by Blood and co-workers [5]. From the spontaneous emission 
spectrum at threshold the quasi Fermi separation is calculated and this subse­
quently allows the calculation of the quasi Fermi energy separation at all other 
currents. The main disadvantage of this technique compared to tha t of Hakki and 
Paoli is the additional processing required for window fabrication. Also against 
this technique is the non-trivial nature of the calibration of the gain spectra. Nev­
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ertheless this technique allows measurement of gain spectra over a large energy 
and current range.
The third commonly used method of gain measurement utilises the relation be­
tween power output and length [41].
LiaCet(hv, A Ef) = (exp^ hv' A -E/ ) i l “  : ) (2-7)
where L/acef(/u/, AEf )  is the spontaneous emission spectra after it has travelled 
through the waveguide, Lwind0w{hu,AEf)  is the spontaneous emission without 
travelling through the gain region, g(hv ,A E f)  is the gain spectra and L is the 
length of the laser.
This thesis presents a novel use of equation 2.7 in order to calibrate gain spectra 
measurements. Other work incorporating the last technique [42] [43] used spe­
cially fabricated devices for the purpose of the measurement. This technique has 
also been used to more accurately evaluate the quasi Fermi energy separation for 
different currents by separately detecting transverse electric(TE) and transverse 
magnetic(TM) radiation [45] [44], since there is a common quasi-Fermi level for 
heavy and light holes. This method allows direct measurement of the quasi-Fermi 
energy separation for any current, compared to Henry’s method which is indirect.
Chapter 3 
Experim ental M ethods.
This chapter gives an overview of the experimental methods used in this project. 
Details of impurity free vacancy diffusion and photoluminescence measurements 
carried out by the author at the University of Glasgow are presented. Methods of 
standard laser fabrication are given, with details that are specific to the University 
of Bath facilities. Finally, details of the electrical and optical characterisation 
including light-current-voltage, near fields, spontaneous emission and time delay 
measurements are given.
The lasers tested in this thesis were constructed from two different wafers. The 
first (labelled QT938B) consists of four 112A quantum wells separated by 80A 
barriers and the second (labelled QT937A) consists of six 106A quantum wells 
with 80A barriers. The full structure of both wafers are given in Table 3.1. Both 
wafers were grown by metal organic chemical vapour deposition (MOCVD) at the 
EPSRC growth facility at the University of Sheffield. These materials were not 
necessarily optimised for this work.
3.1 Impurity Free Vacancy Diffusion.
The quantum well intermixing reported in this thesis was under-taken at the Elec­
trical and Electronic Engineering Department of the University of Glasgow.
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QT937A QT938B
0.2pm 2.2xl019Zn GaAs 0.2pm 3.3xl019Zn GaAs
1.4pm 4.0xl017C Alo.6 2 Gao.3 8 As 1.4pm 5.5x1017C Alo.6 2 Gao.3sAs
0.075/zm undoped Alo.6 Gao.4 As 0.075/im undoped Alo.6 Gao.4 As
6 x 1 1 2 A GaAs quantum wells 
with 80A Alo.4 Gao.6 barriers
4x106A GaAs quantum wells 
with 80A Alo.4 Gao.6 As barriers
0.075/^m undoped Alo.6 Gao.4 As 0 .1 /im undoped Alo.6 Gao.4 As
3.0^m 2.6xl017Si Alo.6 2 Gao.3sAs 3.0/zm 1.8xl017Si Alo.6 2 Gao.3sAs
buffer 0.5/xm lx l0 18Si GaAs buffer 0.5/im lx l0 18Si GaAs
Table 3.1: Showing the composition of the two wafers tested.
Since the purpose of this work was to explore the effect of different amounts of 
intermixing on the characteristics of the material, each wafer was scribed into 
square samples 7mm across and then processed separately with different inter­
mixing conditions. Samples were deposited with a 2 0 0 nm thick layer of silica by 
plasma enhanced chemical vapour deposition. This process uses SiH4 in an oxy­
gen ambient atmosphere. It produces a stress-free layer of silica with repeatable 
stoichiometry. Before intermixing, samples were cleaned in acetone, methanol and 
water in turn and then dried with nitrogen. The samples were then ready for 
annealing.
The purpose of the anneal process is to cause gallium to diffuse out of the top cap­
ping layer of the sample to leave behind vacancies which can subsequently diffuse 
through the sample during annealing. However, to suppress the out-diffusion of 
arsenic from the sample it was placed silica side down on a clean GaAs substrate to 
provide an arsenic overpressure. The sample was placed close to the thermocouple 
used to control the heating sequence so that the temperature of the sample could 
be accurately known.
The rapid thermal annealer (Jipelec FAV4 Rapid Thermal Processor) was pro­
grammed to purge the sample cell with nitrogen for one minute before beginning 
to anneal. For all samples used in this thesis a temperature rise time of 15 seconds 
was used. For material QT937A anneal times and temperatures were varied be­
tween 880°C and 960 °C for 60 to 120 seconds and are shown in Figure 3.2 along 
with the induced photoluminescence peak shift. During the period that the sam-
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pies were intermixed the annealer was not operating reliably and so the recorded 
temperature could not be considered accurate. The process was therefore not as 
controllable as would be desirable; however, it did produce the required range of 
intermixed material. Only one sample of QT938B was intermixed. This sample 
was annealed at 960° C for 60 seconds and this gave a peak shift from 806nm to 
765nm.





Table 3.2: Showing the anneal conditions used for each sample and the subsequent 
shift in the energy gap measured by photoluminescence at 77K . Before annealing 
the PL peak was at 806nm.
Post anneal samples had a white residue on the substrate of the sample which 
could have possibly been arsenic residue which had out-diffused during the anneal. 
The clean GaAs wafer substrate in the RTA became blackened around the sample 
during intermixing but when the sample was removed, it was clean underneath 
where the sample had been placed.
3.2 Photolum inescence.
It is useful at this stage to be able to assess the degree of intermixing so that further 
samples can be intermixed in different conditions to give a range of materials to 
test. This can be achieved easily by measuring the photoluminescence spectra of 
the material which enables the energy gap of the quantum wells to be measured.
The photoluminescence (PL) spectra were measured for each sample in liquid ni­
trogen to ensure all measurements were taken in constant temperature conditions. 
These measurements were also carried out at the University of Glasgow, although 
PL apparatus was subsequently constructed at the University of Bath.
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The sample was illuminated with a moderately intense (>5mW) beam of laser light 
typically from an Argon ion laser or Helium Neon (HeNe) laser [27]. The irradiating 
light is either absorbed, reflected or transmitted by the sample. The absorption of 
a photon causes the generation of an electron/hole pair. The excited electron will 
spontaneously return to the ground state emitting a photon characteristic of the 
energy gap of the material (E5=hi/). The spontaneously emitted photons can be 
measured by a sensitive photodetector and monochromator or an optical spectrum 
analyser.
A fibre coupler is used to guide the illuminating light on to the sample and to collect 
the photoluminescence into a detector. The mechanism for this is explained in the 
following sections. A diagram of such a coupler is shown in Figure 3.2.
The sample was then adhered perpendicularly to the arm of the coupler fibre carry­
ing the Argon ion laser output. The sample was adhered using a small quantity of 
super glue as shown in Figure 3.2 and was then immersed in liquid nitrogen for the 
photoluminescence to be measured. The photoluminescence was measured using 
a “Spex” monochromator and cooled germanium detector in the Glasgow Univer­
sity experiment. The sample was simply removed from the fibre using acetone to 
dissolve the glue. The white residue was removed either by the liquid nitrogen or 
the acetone as it was no longer visible after this stage. A set of photoluminescence 
spectra for wafer A are shown in Figure 3.1.
Reservations over PL m easurem ents fro m aterial Q T937A.
A major reservation held over the work presented here is the lack of repeatability 
between PL measurements. There was a lack of consistency in the measurements 
taken at the University of Glasgow for the photoluminescence measurements on 
QT937A. No comparative measurements were made for QT938B.
For two samples (one before intermixing, one after) sixteen PLs were taken, at 
the University of Glasgow, across the sample on the central points of a four by 
four grid. Contrary to expectation the spread of PL peaks for each sample was 
broad. For the as-grown sample the spread was 8nm as illustrated in Figure 3.3.
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Figure 3.1: Showing a typical photoluminescence spectra for material A where as- 









Figure 3.2: Showing the coupler design for measurement o f the photoluminescence 
spectra excited by an argon ion laser.
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Figure 3.3: Showing the spread o f PLs for one sample before intermixing.
For the measurements made from an intermixed sample the spread was 18nm as 
seen in Figure 3.4. Unfortunately these spectra were taken from different samples 
so can not be compared. A similar process of measuring several PLs from one 
sample was repeated in Bath and a high degree of consistency was found. W ithout 
further measurements this affect can be neither understood nor neglected when 
considering the results in this thesis.
3.2.1 C oupler fabrication.
Coupler fabrication was carried out at the University of Bath using an easily re­
producible method. The coupler was designed to allow maximum transmission of 
the argon ion laser onto the sample at 540nm. However it was not possible to also 
maximise the coupling at 750 to 905nm for the collected PL light. Alternatively a 
coupler could have been designed such that the maximum photoluminescence from 
the sample reached the detector whilst only a fraction of the argon ion laser light 
reached the sample.
In order to fulfil the design criteria the coupler was continuously monitored through-
3. Experimental Methods. 48
720 725 730 735 740 745 750
Photon energy (eV)
Figure 3.4: Showing the spread of PLs for one sample after intermixing.
out fabrication. A white light source was focused onto the end of one length of 
fibre. A second piece of fibre was secured close to the first and the optical spec­
trum  analyser was used to detect light intensity at 540nm at the opposite end of 
the second piece of fibre. A slight tension was applied to a short length of fibre 
(approximately 5cm) and a naked flame was processed back and forth along this 
section. During the heating process the two lengths of fibre melt together and their 
cores become closer such that the evanescent field from the white light source in 
the first fibre can couple into the second fibre. This was detected by the optical 
spectrum analyser. As the fibre was stretched “beats” were set up between the 
two cores.
B eats.
Before heating and consequently coupling the two fibres all light is guided through 
the first fibre whilst the photodetector on the second fibre detects nothing. As the 
light passes from the the first core to the second it undergoes a |  phase change and 
the intensity measured at the detector increases. Any subsequent coupling from 
the second core to the first undergoes a further ^ phase change so that it is now
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Intensity in core 1 
Intensity in core 2
Figure 3.5: A schematic showing light pass between two cores via the evanescent 
field to create beats.
7r out of phase with the source. A 7r phase change causes destructive interference 
and hence reduces the intensity of light in the first core.
Over the distance of a beat all of the light couples from the first core into the second 
creating a 0:100 coupler at 540nm. Further heating/tension will cause the light to 
couple back into the first core although this will generally result in intensity loss 
compared with the original signal. This process is depicted (intensity loss omitted) 
in Figure 3.5.
3.3 Laser fabrication.
Laser fabrication is a “black a rt” and it is therefore not possible to give a defini­
tive fabrication procedure. However the following recipe gives the approximate 
conditions required for fabrication of lasers in the clean room at the University 
of Bath. The recipe is for 50/zm stripe geometry lasers with 4pm  windows in the 
capping and contact layers for spontaneous emission measurements. Before fab­
rication samples were cleaned using acetone, opticlear to degrease, methanol and
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water and then dried in nitrogen. The samples were adhered to cover slips for ease 
of manipulation.
3.3.1 Stripe geom etry formation.
Stripe geometry lasers use gain guiding to limit the gain region to a stripe of 
material through the laser. The highly doped capping layer was removed from 
either side of the stripe to reduce current spreading beyond the stripe and a layer 
of silica was deposited in its place. Stripe geometry lasers have a number of 
advantages: the reduced active area reduces the threshold current; material quality 
is improved by removing most of the perimeter where a greater density of defect 
states exist; for narrow stripe widths (<10//m) lasers can be made to emit in a 
single filament in a fundamental mode.
Photo resist (Shipley 1815) was spun onto the sample at an initial rate of 400 
revolutions per minute (rpm) for 10 seconds followed by 4000 rpm for 1 minute. 
The revolution rate will affect the thickness of the photo resist and hence the 
exposure time. By placing the sample off centre a more uniform covering of photo 
resist was achieved. The resist was then baked at 90°C for 30 minutes to remove 
the solvents and thus harden the resist.
A Karl Suss mask aligner and a mask with 10 parallel stripes measuring 50//m by 
5000/zm and separated by 450/im was used to pattern the ridge into the sample. 
The sample was manoevered so that the mask features were parallel to the cleaved 
edges of the sample.
The mask aligner requires contact between the sample and mask for exposure by 
ultra-violet light to take place. The short wavelength of ultraviolet light improves 
the resolution of the mask image on the photo resist as does the proximity between 
the mask and the sample. A final precaution to maximise the resolution is to use 
the optimum exposure time. This was around 7 seconds although it is not critical 
for features in the order of 50/zm. After exposure the sample was baked as before to 
further harden the resist, the unexposed photo resist was developed in Microposit 
351 developer made in a ratio of 1 part developer to 3.5 of distilled water. A
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Figure 3.6: Showing the procedure o f semiconductor laser fabrication. (Top row 
from  right to left) application of photo resist : exposure o f photo resist with 
light field 50micron stripe mask: developing the photo resist : etching the capping 
layer away (Second row from  right to left) deposition o f 20Onm of silica : lift 
off to remove photo resist and a stripe of silica (Third row from  right to left) 
Remove “old” photo resist, apply 200nm of silica and more photo resist : use dark 
field 50 micron stripe mask and expose photo resist : develop photo resist and etch 
silica from stripe : remove photo resist (Fourth row left to right) application 
of p-type contacts : ion beam milling of gold contact and capping layer to produce 
the window : thinning of material to reduce thickness down to around 150 microns 
: application of n-type contacts.
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develop time of approximately 1 minute was used. The next stage was to etch the 
capping layer to create the stripe geometry as in step 4 of Figure 3.6.
An etch of hydrochloric acid, hydrogen peroxide and water in the ratio of 1:8:80 
gave an approx etch rate of 0.5/zm per minute for the capping GaAs layer. Since the 
etch rate was highly dependent upon temperature and age of the solution the etch 
depth needed to be carefully monitored for each sample. Before etching the depth 
of the photo resist was measured by use of a “Talystep”. The sample was etched 
for approximately 30 seconds, washed dried and then the etch depth measured 
again. This process was repeated as necessary until a depth of approximately 1.2 
/zm had been achieved.
Ideally at this stage it should have been possible to sputter deposit a 200nm layer 
of silica on to the patterned surface. A subsequent soak in acetone to dissolve the 
remaining photo resist would remove the silica on top of the resist by a process 
known as lift-off [48]. This technique is shown in Figure 3.6, row 2. However, 
this method was never carried out successfully which was most probably due to 
the photo resist baking onto the sample during sputtering where the temperature 
could reach 400°C for 4-5 hours.
An alternative method which was utilised in this work involved the removal of 
photo resist after etching to leave a stripe ridge on the sample. A 200nm layer of 
silica was deposited over the entire sample surface and a layer of photo resist was 
then spun on and baked as before. A similar negative mask to that used earlier 
was used to pattern the inverse configuration into the photo resist. The silica 
was then removed from the ridge by etching in buffered hydrogen fluoride. It was 
possible to monitor how much of the silica had been removed by the change in 
colour and ultimately by the colour not changing once the removal of silica was 
complete. This method is far more labour intensive than lift-off but was found to 
work successfully.
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3.3.2 P -type contacts.
The broad area stripe fabrication was then complete and the sample was ready for 
the p-type contacts to be added to the pattern side (p-side) of the material. The 
contact was fabricated from a thin layer («  20nm) of titanium  on the surface of 
the sample followed by an «200nm layer of gold. The layer of titanium was used 
to increase the adhesion between the gold and the sample. This recipe has been 
well tested at the University of Glasgow.
The next stage was to open up the window through the p-type contact and the 
top capping layer of the material for viewing the spontaneous emission. An ion 
beam etch was used to remove the gold contact and the capping layer. Ion beam 
etching works by “knocking” atoms off the sample. The etch depth was measured 
using an interferometer.
3.3.3 Thinning.
In the next stage of the process the samples need to be reduced in thickness before 
the n type contacts could be applied. The substrate needs to be thinned in order 
that the sample can be cleaved and scribed into individual lasers with dimensions 
as low as 250//m by 500/mi. The samples were thinned by mechanical abrasion 
against a compound containing 24//m ground diamond. The sample was adhered 
to a copper mount by super glue and the polishing machine moved the sample over 
the abrasive compound in a figure of eight movement. It was assumed that the 
glue had negligible thickness and the sample was polished down to approximately 
150/mi.
3.3.4 N -type contacts.
An ideal ohmic contact should have a linear relationship between current and 
applied voltage for either positive or negative applied bias. The resistance of the 
contact should be low so that only a small fraction of the bias is across the contact
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Table 3.3: The recipe used for n-type contacts on the n-side of the sample.
mount and loaded into a thermal evaporator. The evaporator was loaded with 
gold, germanium and nickel and the chamber was evacuated down to a pressure of 
around 2 millibar. As before, a small quantity of each substance was evaporated 
off with a shutter closed and therefore obscuring the sample before the contacts 
are applied. The recipe used is shown in Table 3.3 and as before has been well 
tested at the University of Glasgow. The germanium was the dopant for forming 
the n-type contact whilst nickel was used as a wetting agent to improve adhesion 
[52]. This contact required an anneal to allow the dopant atoms to diffuse into the 
material. This process was carried out at the end of the fabrication process.
The n-type contacts were now annealed in a rapid thermal annealer (RTA) at 
450°C for 90 seconds in an atmosphere of forming gas. The samples were placed 
n-side uppermost in the RTA on a clean GaAs wafer. Before heating the annealer 
was flushed with the forming gas. A rise time of 15 seconds was used and the 
sample was left to cool naturally after the anneal, this took a few minutes.
3.3.5 Cleaving.
The sample was now ready to be scribed into individual lasers. To create mirrors 
on two opposite facets, as required for optical feedback to take place, the sample 
needed to be cleaved along a line perpendicular to the stripes. The original samples 
were cleaved so that the the edges of the sample run parallel or perpendicular to 
the (100) crystal plane. Using a Karl Suss scriber a small scribe line was made on 
the edge of the sample in the direction of the required cleave. The sample was then 
placed over an abrupt edge with the scribe line aligned with the edge and gentle,
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Figure 3.7: A bonded laser with two 24pm  gold bond wires connected to the laser 
structure with silver epoxy. The dark stripe is the window region.
uniform pressure was applied to both sides of the sample until it snaps. This 
method of cleaving creates mirror facets with reflectance of «33%. This process 
can be repeated at different intervals to create lasers of different lengths. Once 
the sample had been cleaved perpendicularly to the stripes it was then scribed 
(using the diamond tip to “cut” the material) parallel to the etched stripes to 
create individual lasers. The length of the lasers was the distance between the 
subsequent cleaves. Lasers used for this work varied between 250//m and 1500/zm.
The samples were then bonded to allow electrical connection. The lasers were 
mounted on to small copper blocks which act as heat sinks by silver epoxy. The 
epoxy was hardened by heating to around 120°C for 10 minutes using a thermistor 
to measure the tem perature of the aluminium stage holding the sample. On each 
side of the laser a ceramic chip was adhered to the copper block. On the top facet 
of the ceramic chip was a layer of gold. A connection was made by 24/irn gold 
bond wire between the ceramic chips and each side of the laser. The wire was 
adhered to the laser and ceramic chip by silver epoxy. All bonding was performed 
by hand. Thicker wire was soldered on to the ceramic chips to make external 
electrical connections. A photograph of the laser with bond wires is shown in 
Figure 3.7.
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3.4 Electrical testing.
3.4.1 Light-Current-Voltage (LIV) m easurem ents.
Prior to bonding the lasers it was possible to test their “light-current-voltage” 
(LIV) characteristics using a “mousetrap” style holder to allow electrical connec­
tions to be made. After the LIV measurements had been made it was possible to 
assess the quality of the electrical contacts and partially assess the material quality 
after intermixing. Using the analysis given in the next chapter the quantum effi­
ciency, scattering loss and quantum well gain coefficient were found. After these 
tests were completed the “best” of the 500//m lasers were selected for bonding and 
to go on for further assessment.
During LIV testing a series of short current pulses were applied to the lasers which 
were supported in a “mousetrap”. A positive pulse was applied to the p-side of 
the laser and the n-side was earthed. The pulses used were 0.250/is long and the 
repetition period was every 0.250 ms. This gave a duty cycle of 1:1000. A pulsed 
current was used to prevent heating of the sample during testing which would 
affect the characteristics of the laser, and the mousetrap was also made of copper 
to act as a heat sink.
A commercial voltage probe was used for voltage measurement, a “home made” 
current probe was used and a 1cm2 silicon photodiode with a responsivity of 0.47 
W /A at 800nm was used for light intensity measurement.
The experimental apparatus used for measurement of light-current-voltage is shown 
in Figure 3.9. An advantage of using this scope for these measurements was that 
it could be configured to only view a small part of the pulse. In this case the 
pulse was monitored in its third quartile as this allowed any ringing to subside 
before measurements were taken. A computer with an ATX card monitored the 
output from the fast oscilloscope and stored the data for analysis [53]. After each 
test the LIV had to be calibrated. This was performed using a slow “Kenwood” 
oscilloscope. The current probe was calibrated for 6mV/ mA and the photodiode 
for responsivity 0.47 W /A. The full responsivity spectrum of the photodiode is
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shown in Figure 3.8.
Due to the broad area stripe fabricated on these lasers there was often a problem 
with kinks in the light-current graph as shown in Figure 3.10. These effects can 
be explained by filamentation or mode hopping. Filamentation is a non-linear 
effect caused by variation in the carrier distribution arising from refractive index 
changes within the stripe. Filamentation can be reduced by fabricating lasers 
with a reduced stripe width in the order of lOfim [49] but such lasers would be 
unsuitable for gain measurements here which require a window to be made in the 
stripe. Broad area lasers are able to support several lateral modes. As the current 
is increased filaments move towards the edge of the stripe. This can be clearly seen 
in the above threshold nearfields in Figure 3.11. As the current is increased the 
dominant lateral mode can change spontaneously and is seen by an intensity drop 
in the light-current graph. Kinks were particularly a problem in the long 1000//m 
lasers.
3.4.2 Near fields.
Near field measurements were made for the 500/im lasers selected for bonding. 
Near fields measure the intensity distribution of emitted light at the facet of the 
laser [54]. For the lasers tested in this thesis only the intensity pattern along the 
quantum well plane is of interest and hence this will be the only data presented. 
The intensity profile perpendicular to this plane is only a property of the wafer 
structure. Since the light intensity is proportional to the carrier density squared 
through the device this measurement will show the effect of current spreading and 
also show the uniformity of the current in the window region. This measurement 
was a check that both sides of the window were emitting laser light. The removal 
of the highly doped capping layer for the formation of the window could potentially 
cause the carrier density to be reduced in this central region. The highly doped 
region acts as a reservoir of carriers so that even if carriers are not injected evenly in 
to the laser because they are caught in the reservoir then ideally carriers leave the 
bottom of the reservoir uniformly. Any non-uniformity due to the etched window 
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Figure 3.8: Typical spectral response for the photodiode used to measure light cur­
rent graphs.












Figure 3.9: Showing a schematic of the apparatus used to record light current- 
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Figure 3.10: Showing the effect of filamentation or mode hopping on the light- 
current characteristic.
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Figure 3.11: Showing the experimental arrangement for the measurement of near 
fields.
and diffusion can be measured by the amount of light em itted beyond the 50/zm 
stripe region.
The laser was mounted on a sample stage with 2 degrees of translational movement 
and 2 degrees of rotational movement. Using the retro reflection of a HeNe laser 
reflected from the laser facet it was possible to ensure tha t the laser facet was 
parallel to the CCD camera used for measurement of the the near field intensity 
pattern. For the near field measurement a xl6 objective lens was used to focus 
the facet image onto the CCD camera. Filters were used to prevent the camera 
from reaching saturation. A line scan from the CCD image was stored for further 
analysis.
After measurement, the image required further processing to compensate for the 
non-linearity of the camera. To measure the non-linearity of the camera a series 
of near fields and their corresponding maximum intensities were measured for dif­
ferent duty cycles. When the duty cycle was doubled the em itted light intensity 
was doubled so that a linearising function can be found. The resulting graph is 
shown in Figure 3.12. To calibrate the lateral dimensions of the near field line 
scan the laser was translated using an x-y-z stage so that the image moved across 
the monitor. Knowing the number of turns to translate the 500//m laser through
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Figure 3.12: Showing the calibration used to linearise the near field intensity pat­
terns.
a fixed point on the monitor and the number of turns to translate a fixed point on 
the image across the monitor a calibration scale factor could be calculated.
3.4 .3  Spontaneous em ission  m easurem ents.
Lasers that exhibited typical threshold and quantum efficiency measurements and 
had uniform near fields in the window region were good candidates for making 
spontaneous emission measurements for the calculation of gain.
Early measurements on material QT938B used a series of optical lenses to focus 
the light from the laser window into a 400^m core, m ulti mode fibre. An advantage 
of this method was the possibility of additional filtering of the light to reduce the 
intensity of any laser light incident on the detector for readings above threshold.
All measurements taken from material A were obtained by directly butting the 
fibre against the laser and minimising the amount of stim ulated light entering the 
fibre. Since the fibre had a 400/u core it collected most of the possible window 
emission. To minimise the amount of stimulated emission entering the fibre it was
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Figure 3.13: Showing the configuration of fibre and laser for measurement o f spon­
taneous emission. The fibre was rotated through 90° (ie. into/out o f the page) for  
facet spontaneous emission measurements for calibration.
positioned at the centre of the window (midway between the facets) and as close as 
possible to the laser to prevent light scattering from the facets entering the fibre. 
However, this did not completely remove the laser light from the spectrum as laser 
light was scattered from within the laser through the window. So this stray laser 
light was edited from the above threshold data by eliminating the data that had 
a stimulated emission contribution and assuming a linear fit between these two 
points in its place.
An “Ando 2613” optical spectrum analyser was used to measure the spontaneous 
spectra. Using high averaging and high sensitivity it was possible to measure 
spectra with peak powers as low as a few pWs of power. The analyser has a 
resolution set by the slit width within the analyser and for all measurements in 
this thesis the resolution was set to 2nm. Spectra were taken from approximately 
twice threshold to less than one tenth of threshold. Low threshold measurements 
were achieved by use of high averaging and sensitivity.
3.4 .4  C alibration.
In order that the gain spectra can be calibrated one further measurement needs 
to be made. The fibre orientation was moved through 90° to measure the light
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that was emitted from the facet. A spectrum was taken as before of the facet 
emission but this only needs to be measured for a single current (but one for which 
window data has been collected) below transparency [41]. This data was stored 
and analysed once uncalibrated gain spectra had been calculated.
3.4.5 Alternative m ethods o f calibration.
Four alternative methods for calibration were attem pted for the work presented in 
this thesis.
For the first method a tunable, continuous Ti:Sapphire laser was focused into the 
waveguide region of the laser under test. A lock-in amplifier and photo detector 
measured the intensity of the light guided through the laser. W ith a current greater 
than the transparency current applied to the laser, the TiiSapphire was tuned to 
emit light with energies in the region of the quantum well absorption edge. In order 
that the transparency current be known these measurements were made after the 
gain spectra had been calculated. It was known that at a certain photon energy for 
each current there would be a point at which there was no gain or absorption, and 
at this point the radiation power onto the facet could be measured. Any difference 
between this power and that measured at the output of the waveguide could be 
attributed to coupling losses at the facets. Once this coupling factor was known 
the gain spectra could be calibrated for any energy at that current.
It was never completely resolved as to why this technique failed. It is quite possible 
that it was due to the TiiSapphire laser damaging the facets of the laser under test. 
The high intensity beam was required for alignment of the TiiSapphire laser light 
into the waveguide region. Even had alignment been possible without damaging the 
facet the problem of the beam walking during tuning still needed to be overcome.
The second method involved chemical removal of the p-type contact, capping layer, 
n-type contact and substrate. A white light source was shone through the sam­
ple and onto a fibre and into the optical spectrum analyser used to detect the 
transm itted light. A comparison of transmitted light to incident light can be used 
to calculate the amount of light absorbed and hence the absorption edge can be
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measured which can be compared to a gain spectrum at low current. However, 
when this method was attempted Fabry Perot fringes were detected indicating a 
sample thickness of 5-6//m but after only a very short additional etch in a selective 
etch solution all features were completely removed from the region of interest.
It is likely with further testing that this method would have been successful. This 
technique had been used for alternative material systems which have been grown 
on Sapphire substrates which removes the complicated etching steps required. [50]
The third method which was used for some of the initial data taken on QT938B 
was to calibrate gain spectra for the as-grown material using a computer model. 
The as-grown material has the advantage that the well width and confinement 
factor can be calculated using existing computer models, using the PL peak and 
the laser wavelength at room temperature, and these values can be put into another 
computer model [51] to calculate gain spectra. As before this was used to calibrate 
the low current spectra. The output of the model gave material gain (g) but this 
was converted to modal gain (Tg) which makes allowances for only part of the 
active region falling within the mode. In order that this method be used for the 
calibration of the intermixed material gain spectra it was assumed the confinement 
factor and scattering loss coefficient were unchanged by the intermixing process.
The experimental method for the final technique was presented in the previous 
section and is shown in Figure 3.13 and the theory for it will be presented in the 
theory chapter. This technique was used for wafer A. The main advantage over the 
previous method is that no knowledge of material parameters are required prior 
to calculation. Also each laser can be individually calibrated allowing comparison 
between successive lasers.
3.5 M easurement of turn-on delay.
By measurement of the turn on delay, the time difference between application of 
the current pulse and the laser pulse output, and the previously measured light- 
current-voltage characteristics it is possible to calculate radiative, non-radiative 
and Auger recombination rates.








Figure 3.14: The experimental arrangement for the measurement o f time delay.
Turn-on delay measurements require a fast and therefore a small photodiode. The 
one used in this work was a “Pacer” C30902E avalanche photodiode reverse biased 
at 220V. A pulse generator with a short rise time, in the region of Ins, was required 
to apply to the sample under test. An “Avtech” AVQ-2W-C was used here with a 
rise time of approximately 4ns for +10% to 90% of the maximum. This compares 
to alternative pulse generators available such as the “Hewlett Packard 214B” with 
a rise time of 20ns or the “Lyon” with a rise time of 15ns [56].
Both the current pulse and the photodiode output were displayed on a “Tetronix 
6903” sampling oscilloscope. The turn-on delay between the current pulse and the 
photodiode pulse were measured at the half height point of each pulse. The time 
delay was measured for different currents above threshold.
Chapter 4
Theory
“One should not work on semiconductors, they are a mess; who knows i f  they even exist.”
Translated from W. Pauli 1931.
The purpose of this chapter is to derive the expressions used to analyse the collected 
data. The first section is concerned with the derivation of infinite length current 
density, quantum efficiency, scattering loss coefficient and the quantum well gain 
coefficient from the measurements of light-current-voltage graphs. The second 
section concentrates on the origins of gain calculations from spontaneous emission 
spectra. This section concludes with further analysis to calibrate and evaluate the 
calculated gain spectra. The final section considers the carrier lifetime calculations 
using the light-current and time delay measurements.
4.1 Threshold current and quantum efficiency.
Threshold current and quantum efficiency are easily extracted from a standard 
light-current-voltage plot as shown in Figure 4.1. These values are useful to mea­
sure the quality of the material used and will be used to compare the effect of 
intermixing on the laser material. These measurements are straightforward exper­
imentally as they can be performed before bonding to evaluate the best lasers to 
take on for further testing.
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Figure 4.1: A graph o f current vs. light and current vs. voltage for a 500pm long 
as-grown laser.
4.1.1 T hreshold  current.
The threshold current is defined as the current delivered to the device at the onset 
of laser action and is marked in Figure 4.1 by extrapolation of the light current 
curve to the current axis. Threshold current can be calculated by equating when 
the round trip gain within the laser cavity is unity. The “useful” loss, crm, in a 
laser is the light emitted out of the two end-face mirrors. The two mirrors are 
separated by the length of the laser L. All other losses including scattering loss are 
included in the term a ,n*.
Consider a beam intensity at mirror 1 of I0. After it has travelled the length L to 
the second mirror the intensity has become
/  =  I0exp(aL) (4.1)
where a = Yg — a ,n* is the net modal gain. After reflecting from the second mirror 
the beam intensity has changed to
/  = R 2I0exp(aL) (4.2)
After repeating the journey and reflecting from the first mirror the round trip gain 
has become
I  f i n a l  _  D D  / n . n  (4.3)Grt  =  =
J-n
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At threshold the round trip gain equals the round trip losses, hence G r t = 1 and 
since R i= R 2 = R  it can be found that
r gth ~  CLint = j l n  (4.4)
The gain for quantum well material can be shown experimentally to be
Tg = T jln  (^ -^ j (4.5)
where J*r is the transparency current density and 7 0 is the quantum well gain coef­
ficient. By equating 4.4 with 4.5 to produce Equation 4.6 it is possible to calculate 
the quantum well gain coefficient T'y and Joo, the threshold current density for an 
infinitely long laser which therefore has no dependence on the mirror losses.
ln(Jth) = ln(JM) -  (4.6)
4.1.2 Quantum efficiency.
The external quantum efficiency is a measure of how efficiently the electrons en­
tering the laser are converted into photons leaving the laser. The rate at which 
electrons enter the laser can be calculated from the applied current by 1 and the 
rate of photons leaving the laser by where P is the measured power out and hv 
is the lasing energy.
dP e
external differential quantum efficiency =  —rr~— (4-7)
dl hv
The gradient of the light-current curve above threshold gives the value of d P  d l  ’
Internal quantum efficiency r)int is defined as the ratio of radiative recombination to 
the total rate of (radiative and non-radiative) recombination. Typically for GaAs 
this value is taken between 0.7 and 1 [46].
Of the “useful” photons produced from radiative recombination some are lost by 
transmission through the facets and other are lost due to internal losses such as
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material absorption, scattering in the material or at the mirrors or diffraction at 
the mirrors. The external quantum efficiency, Vext, is therefore defined as the ratio 
of the number of photons emitted as laser light to the total number of photons in 
the cavity as shown by
Vext =  V in t -7 ^----  (4.8)OLm +  OLint
Substituting a m = ^ln(R)  from equation 4.4 and rearranging gives
1 1 Otint
Vext V int V intl'H '(R ')
L (4.9)
From this equation the internal quantum efficiency and scattering loss coefficient 
can be calculated from a graph of inverse rjext versus length, L.
4.2 Gain spectra.
The work presented in this chapter is based on the work by Henry, Logan and 
Merrit [4] and subsequently developed by Blood et al [5]. They showed that by 
measuring the spontaneous emission from a semiconductor quantum well laser 
material it is possible to calculate the gain spectra.
This work is based on the Einstein relations, in which the rate of spontaneous and 
stimulated emission is equated to absorption at thermal equilibrium. At thermal 
equilibrium it is also known that the entropy of the semiconductor system is at a 
maximum. From this it is possible to derive an equation for the photon density, 
rihv, for the equilibrium condition to occur in terms of the quasi-Fermi energy of 
the semiconductor and other known values. The gain =  A w h e r e  t is the 
thickness of the material through which the incident photon beam passes. From 
this it is possible to relate spontaneous emission to gain for a range of energies.
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Figure 4.2: Showing a) absorption, b) spontaneous emission and c) stimulated 
emission c) mechanisms in a simple two level laser.
4.2.1 T he E instein  R elations
At any one time three processes can be active in a semiconductor material which 
will affect the number of electrons/holes in the valence and conduction bands. 
These are depicted in Figure 4.2.
The rate of each process can be described by
rate of stimulated absorption = N lPvB 12 (4.10)
rate of spontaneous emission = N 2A 21 (4.11)
rate of stimulated emission = N 2PUB21 (4.12)
where Ah(2) is the number of atoms per unit volume in the lower energy state E\ or 
higher energy state E2, pi, is the incoming density of photons with frequency v and 
A.2\ and B 21 are constants for each process known as the Einstein coefficients.
At equilibrium the number of electrons in state £ 1(2 ) is constant so the number of 
upward electron transitions (absorption) must be equal to the number of downward 
(emission) transitions so
Ah PvB\2 — A^2 A21 + (4.13)
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4.2.2 Equilibrium state in a sem iconductor.
We can apply this same argument to a semiconductor. When a beam of photons 
with a density of rihv per mode passes through a small thickness t of material the 
photon density changes due to absorption and emission as given by Equation 4.14
[4]-
A rihv = —crtrihv +  A  +  Brihu (4-14)
This equation is comparable to Equation 4.13 where the first term describes the 
absorption of photons, the second term accounts for spontaneous emission and the 
last term for stimulated emission. The coefficients A and B describe the increase in 
population of the lower energy state due to spontaneous and stimulated emission 
respectively.
Equation 4.14 at equilibrium (A n ^  =  0) shows that the photon density can be 
evaluated by
^  =  a t / B  -  1 (4'15)
where uJZ is the equilibrium photon concentration.
Therm odynam ic considerations.
Considering the system from a thermodynamic point of view at equilibrium the 
entropy of the system will be a maximum and there will be no net increase if a 
photon is emitted or absorbed. Photons interacting with the semiconductor will 
form a non-equilibrium Bose gas (an ideal gas consisting of particles described by 
symmetrical wave functions [47]) which has a change in entropy of
A S  = k £  In ( ^ y - 1 )  Am (4.16)
when different states i change occupation number by An,-. When a photon of 
energy hv is added to the gas only modes with the same occupation number nJZ
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will change.
A S  = k\n ^ j - ^ y > n i
Hhi/ 5
AS =  (4.17)
V nhj/ /
sinceX)t A nt- =  1 for a single photon.
The first and second laws of thermodynamics can be used to produce the Helmholtz 
function, F, which is designed to be used for problems when temperature and 
volume changes are the important variables. In thermodynamics U is the internal 
energy (the total kinetic and potential energies of the constituent particles), T  is 
the temperature, S  the entropy of the system (the availability to do useful work) 
and F  is the measure of the system to do useful work as an isothermal process.
Applying the Helmholtz function, F  =  U — T S ,  for when an electron falls from 
the conduction band to the valence band gives
A S  =  ^ 7 * 0
A S  = J h p ~ ^ E ri (4.1.8)
since the ability of the laser to do work reduces by A E j  (the separation of the 
quasi Fermi levels of the two bands) and the energy of the semiconductor changes 
by hv.
Equating the sum of Equation 4.17 and Equation 4.18 to zero gives
WK" =  e x p (!AzAEL) _ i  (4-19)exp \ kT ) E
This can then be equated to Equation 4.15 which can only be satisfied if
_ ( A  E f  — h v \  , A
A = B  =  atexp  ( -----— ------ J (4.20)
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4.2.3 Calculating the gain spectra.
The gain/loss is calculated by the fractional increase or decrease in the number 
of photons over the distance travelled through the material. Combining Equation 
4.14, neglecting the spontaneous emission term, with Equation 4.19 and Equation 
4.20 gives
g(h v ,A E j)  = ^ U}lv =  a(h, v) (exp  
nhvt \
A  E f  — hv
~  1 (4.21)kT




where vg =  ^  is the group velocity of the light in the semiconductor material and 
k =  where n is the refractive index.
C
The number of modes per unit solid angle per unit energy per volume is
dN  2 k2dk n2(hv)2
d(hv)dfl (2tt )3d(hu) irh3c2vs
(4.23)
The rate of spontaneous emission per unit volume is a product of the rate of
spontaneous emission into a single mode and the total number of modes per unit
solid angle per unit energy per volume. Hence it can be expressed as
/ i  a n \ n2(hv)2 ( A E f  — h u \  , , nA\
r tpon{hu, AE f ) =  ^ 3^ oc(hv)exp I —  J (4.24)
where rspon is the spontaneously emitted radiation spectra.
By substituting Equation 4.24 into 4.21 the relationship between gain and spon­
taneous emission can be shown to be
g a i n ( h v , A E , ) = ( j ^ ^ J  ( l  -  exp
hv — A E f
kT
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Figure 4.3: Showing the intensity spectra at a low current (thin line) and near 
threshold (thincker line) which have been translated to show how their tails are 
parallel between 1.56eV and the end of the graph.
4.2 .4  E valuating the quasi-Ferm i E nergy Separation.
To evaluate Equation 4.25 the quasi-Fermi energy separation has to be evaluated 
for each current. Initially the threshold current spontaneous emission spectrum 
is used to evaluate the quasi-Fermi energy separation at threshold as given in 
Equation 4.24. At the laser wavelength, at threshold current, the gain spectrum 
has a maximum therefore =  0. Differentiating Equation 4.25 with respect to 
hu and solving for the quasi-Fermi energy separation gives
A E f  = hvr +  kT ln 1 +
 1___________________
1 dLe x t jh -U m a x  i & E j ) 2
L e x t ih lS m a x  ,A£< f )  dhis hl/rnax
(4.26)
where hvmax is the photon energy for laser emission and L ext(hi/max, A E f )  is the 
measured intensity spectrum which is equivalent to rspon in Equations 4.24 and 
4.25.
This equation allows the quasi-Fermi separation to be evaluated at the threshold 
current. For photon energies far above the absorption edge the absorption coeffi­
cient is independent of carrier injection and the Fermi separation. Therefore the 
quasi-Fermi energy separation can be evaluated for all other currents by taking
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Figure 4.4: A plot o f the natural log o f the spontaneous emission intensity.
the ratio of spontaneous emission for each current as given in Equation 4.27. This 
is shown graphically in Figure 4.3 where the spontaneous emission spectrum for a 
low current has been shifted so that its tail coincides with the tail of a spectrum 
for a high current.
( A  E ‘ \  _  L U h v ^ E )
6Xp[ k  TJL'Xt(hvu A E f ) t X p \  kT )  ( '
Figure 4.4 shows a typical set of spontaneous emission spectra which require a 
value of hv\ >  1.65eV. A balance between choosing a value for hu\ far above the 
absorption edge and where the noise level is not too high has to be found. Once 
the quasi-Fermi separation has been evaluated it is possible to deduce gain spectra 
using Equation 4.25. A typical set of gain spectra are shown in Figure 4.5.
4.2 .5  C alibration.
At this point uncalibrated gain spectra have been calculated since experimental 
coupling coefficients are unknown. Several methods of calibration were attem pted 
and will be detailed in later chapters. The theory below was applied to all the 
results from material QT937A.









Figure 4.5: Typical gain spectra for an intermixed laser 500pm in length. The 
threshold current was 0.24A and lowest current used was 0.03A.
is equally likely to be emitted in any direction. If it is em itted in the direction 
of the window (perpendicular to the quantum wells) it is assumed that it will not
undergo any gain/absorption and so the total spontaneous emission through the
window can be written as
. 8P(hv, A E i)L  
r span(hu,A E))  = V / ;  (4.28)
where 8P  is the optical power in an element 6z.
If a spontaneous photon is emitted in the plane of the quantum  wells it is subjected 
to the absorption as defined by the quantum wells. Therefore the total spontaneous 
emission measured at the facet can be defined by
6 L facet(h v ,A E %f ) = 6Pexp(~fz) (4.29)
_  r*p°n eXp ^ z ')fiz (4.30)
L














Figure 4.6: Defining the terms used for the calibration equations.
The above formulation is valid if the experiment ensures tha t the solid angle of 
capture of the optical signal is the same for the window and the facet measurements.
Both L f acet (hi/, A E f )  and rspon(hv, A E f )  are taken from experimental measure­
ments through the facet and window respectively at a current, i, well below trans­
parency. Gain, g, is taken from the calculated gain spectra for current ‘*\ On 
solving this equation it is possible to evaluate the coupling coefficient from Equa­
tion 5.4 as well as the calibrated gain spectra.
4.3 M easurem ent o f Carrier Lifetim es.
Carrier lifetime is a measurement of how long an electron will remain in an excited 
state before recombination with a hole. The carrier lifetime is defined as
T‘ = X  T b n  + ^4'32^
where N is the carrier density. Each term in the equation represents a different 
recombination process : non-radiative; radiative and Auger recombination respec­
tively. The carrier density depends on the applied current, I, such that in the 
steady state
J _  _  N_
~eV~Va
where V is the active volume.
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Non-radiative recombination (A) is due to defects in the material and surface 
recombinations. Radiative recombinations (B) are dependent on the electron and 
hole populations and hence the square of the carrier density. Auger recombination 
(C) are three carrier processes where the energy released during the electron-hole 
recombination is taken up by a third carrier which then becomes excited to a higher 
state.
The rate of photons generated in the active region of the laser, Lop*ica/, can be 
expressed as
Lopticoi =  rjV B N 2 (4.34)
where rj is a “coupling efficiency” which encompasses collection efficiency, internal
and external quantum efficiency. By substituting 4.34 into 4.32 and 4.33 gives
= KoLop2tical +  Ki +  K 2LZptical (4.35)
Loptical
where
=  eA  ( ) (4.36)
(4.37)
K 2 = —p —— 5- (4.38)
V% {r/B)*
At low spontaneous powers, if coefficient A is appreciable the L- 2 term will domi­
nate. A plot of £ versus L-  ^will give a relationship between A and B. The coupling 
efficiency can be found by the intercept on the y-axis. Conversely at higher spon­
taneous powers if C is large enough the L 2 term will dominate. Plotting ^ versus 
L2 will give a relationship between B and C. Once again the intercept should give 
the same value for the coupling efficiency.
4.3.1 Time Delay.
This process gives relationships between the three recombination processes but 
does not uniquely define any of them. Some further processing is required to
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Figure 4.7: Defining the time delay between the start o f the current pulse and laser 
output.
uniquely deine the recombination rates which will consider the turn-on delay of a 
laser under pulsed conditions.
For laser action to occur population inversion first has to build up. The time 
taken for the population inversion to be reached is known as the time delay. This 
is depicted in Figure 4.7.
The time taken for population inversion to be reached is dependent on the applied 
current and the carrier recombination processes. Neglecting any Auger recombi­
nation, which can be shown to be negligible [55], the carrier concentration in the 
active region is given by
di  = ^ - N ( A  + B N ) (4.39)
Solving Equation 4.39 and applying the initial and final conditions gives the time 
delay to be
XNt -  R 2){n 0 -  R i)td = R




R = B{R\ -  R2) (4,41)
* . (4,2)
—A -  J A 2 +  4 ± B
Ri------= ---^ -------—  (4.43)
Since the initial carrier density, No,  is zero and using the relationship between A 
and B found in the earlier analysis the time delay can be found as a function of 
the radiative or non-radiative recombination. The values of A and B can be varied 
in order that the calculated time delay above best fits the experimental results.
Chapter 5
M easurem ent of Gain Spectra  
and Carrier Lifetime.
“I f  you get some good results put them in, otherwise write down what you did. ” David
Nethercott.
The work presented in this thesis is from two different GaAs/AlGaAs quantum 
well wafers. The composition of the wafers was given previously in Table 3.1. The 
chapter is divided in to two parts, the first part containing the results for wafer B 
which contains four 112 A quantum wells. Calibrated gain spectra are presented 
for this material from an as-grown sample and one intermixed sample. The results 
were calibrated by comparison to gain spectra results from a computer model. 
Several lasers were analysed to test the validity of the measurements.
The second part of this chapter contains the results for a wafer which contains six 
106A quantum wells. This material was more thoroughly analysed and benefitted 
from an improved method of calibration. Prior to measurements of gain spectra 
quantum efficiency, scattering loss and the quantum well gain coefficient were 
evaluated from the light-current-voltage characteristics. All spectra were measured 
from lasers with a cavity length of 500/im and at least two from each sample were 
measured to ensure reproducibility. An experimental method of calibration allowed 
each laser to be uniquely calibrated.
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5.1 Results for QT938B.
Two samples from this wafer were prepared and lasers fabricated from them. One 
sample was made from as-grown material with a photoluminescence peak at 806nm 
at 77°K and the other was intermixed material with a PL peak at 765nm. Each 
sample was cleaved into lasers of varying lengths in order to measure the quantum 
efficiency, scattering loss and gain coefficient of each sample.
The results for material QT938B will be considered in three parts. Firstly the 
results of standard light-current-voltage graphs are presented which assess the 
material quality. The second part shows how the calibration of gain spectra was 
carried out for as-grown material and how this was then used to calibrate the 
intermixed gain spectra. The data presented in this section were chosen as the 
“best” data measured from each piece of material. Finally a summary of the 
results for other lasers tested from wafer QT938B is given. These results show the 
validity of the data in comparison with expected values and allows the best data 
to be selected for presentation.
5.1.1 Light-Current-Volt age results.
The as-grown material was cleaved into lengths of 1500//m, 1000/zm, 900/xm, 500/zm 
and 250/im. The intermixed material was cleaved into 20 lasers of varying lengths. 
Due to misalignment during the photolithography process there was an angle of 
approximately 3° between the laser stripes and the cleaved facet. Therefore scribing 
was less controllable and a range of lasers were scribed all with differing lengths.
A light-current-voltage graph was plotted for each laser and the turn on voltage, 
contact resistance, threshold current and external differential quantum efficiency 
for each laser were measured using the definitions in Figure 5.1. The wavelength 
for the laser emission was also required to evaluate the quantum efficiency. For the 
as-grown material the efficiency was measured to be 867nm at room temperature 
and for the intermixed material 832nm.
For the as-grown material a log-lin graph of threshold current density versus inverse
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Figure 5.1: The definition o f turn-on voltage Vtum-on, threshold current I th, contact 
resistance R  and external differential quantum efficiency r)ext, where hv is the laser 
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Figure 5.2: The graph used to find the quantum well gain coefficient and the infinite 
length threshold current density for material QT938B.
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length was plotted using the results of the light-current-voltage measurement and 
analysed as given in equation 4.6. This graph is shown in Figure 5.2 and gives Joo, 
the threshold current density of an infinitely long laser, to be 355.4Acm-2. The 
quantum well gain coefficient was found to be 25.0cm_1. The confinement factor 
for this material design had previously been calculated to be 0.135. It was not 
possible to draw any conclusions from the graph of length versus inverse quantum 
efficiency for the as-grown material as a straightline could not sensibly be used as 
a best fit to the data. This was also the case for the intermixed samples where no 
trends were visible in either graph.
5.1.2 Gain spectra calibration.
In this section the results from two lasers are presented, one a 500/im laser from 
the as-grown sample (labelled ‘asg24’) and the second a 250//m laser from the in­
termixed material (labelled ‘disl7’). As well as the calibration of the gain spectra 
this section also includes the results of the validity tests made on these lasers, such 
as the relationship between integrated spontaneous emission and current and the 
measurement of current spreading factor from the spontaneous emission measure­
ments. The as-grown gain spectra were then calibrated by comparison with the 
results from a computer model. Assuming that the scattering loss of the mate­
rial, a  and the transparency current density had been evaluated it was possible to 
calculate the peak modal gain for the intermixed sample using equation 5.2.
Validity tests.
A log-log graph of the integrated spontaneous emission power (found by integrating 
the measured spontaneous emission over all photon energies, in arbitrary units) 
versus current was plotted for currents below threshold. This should produce 
a straight line with a gradient of 2 at lower currents and 1 at higher currents. 
This reflects the relationship between injected electrons and holes, via the applied 
current, and the photon output intensity due to radiative recombination. The
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Figure 5.3: The relationship between spontaneous intensity below threshold and 
applied current for as-grown material QT938B, laser asg 24-
log-log plot is shown in Figure 5.3 for laser asg 24.
C alib ration  m ethod .
After this initial assessment of the validity of the measured data the gain spectra 
were then calculated [4] from the spontaneous emission measurements and cali­
brated by comparison with the results of a computer model [51]. The series of 
experimental gain spectra are shown in Figure 5.4 and Figure 5.5 alongside the 
theoretical absorption spectrum for a very low applied current.
The absorption coefficient at 1.48eV was read from the experimental graph for the 
different applied currents. This was then extrapolated to find the absorption at 
1.48eV for zero current. This is shown in Figure 5.6. This point was used for 
calibration with the computed gain spectra.
Using the relationship between peak threshold gain (TGf/i), scattering loss (a scat), 
and threshold and transparency current densities given below it is possible to
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Figure 5.4: Modal gain spectra for as-grown QT938B laser asg 24• The spectra 
were calibrated by extrapolating the absorption coefficient at 1.48eV to find the 
absorption for zero current. The experiamntal spectra were then scaled such that 










































Figure 5.5: Expanded scale modal gain spectra for as-grown QT938B laser asg 2J. 
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Figure 5.6: Extrapolated data to give the absorption fo r  zero current at 1.^8eV to
be 626cm~1 using a linear fit.
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Figure 5.7: Showing how the transparency current density is defined from an ex­
ample set o f gain spectra.
evaluate the quantum well gain coefficient ^ 7 ) from Equations 4.4 and 4.5 by,
TG,* =  a„cat + jln( i )  =  r 7 /n (5.1)
where TGth is the modal peak gain at threshold. The peak gain is obtained from 
the calibrated gain spectra, is the threshold current density and 3tr is the 
transparency current density. The evaluation of the transparency current density 
is also made from the gain spectra.
T ransparency  cu rren t density.
The transparency current is the current for which there is a gain of zero at the 
energy where the maximum gain occurs at threshold. This is shown by a dark 
vertical line in Figure 5.7. By plotting the current versus the x-axis intercept (ie. 
the difference between the quasi-Fermi energy) and extrapolating the transparency 
current density can be found.
The confinement factor was evaluated using a well tested model from the depart­
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ment of Electrical Engineering at the University of Bath and was found to be 
0.0338 per well for this material composition. The data presented gave a value for 
7  of 485cm-1 using Equation 5.1 which shows reasonable agreement with previous 
work [57] where the quantum well gain coefficient was found to be 820cm-1 for 
100A quantum well lasers.
Using Equation 5.1 and the calibrated gain spectra it is possible to evaluate the 
scattering loss, a acat, which for the as-grown QT938B evaluates as 10.2cm-1. The 
scattering loss allows for all losses in the material, except mirror losses, for example, 
stray reflections and free carrier absorption.
Calibration of interm ixed gain spectra.
For the purpose of calibrating the intermixed material it was assumed that the 
scattering loss and confinement factor remain unchanged from that of the as-grown 
sample. This assumes that the broadening of the well is only slight during inter­
mixing thus not affecting the overlap between the optical mode and the gain region.
Previous work [7] has shown that the scattering loss increases with increased inter­
mixing. This work by Ooi et al shows an increase of 18% in the scattering loss for 
a shift in photoluminescence peak at room temperature of 20nm. Work presented 
later in this thesis for QT937A shows an increase in scattering loss of 38% for a 
PL peak shift of 36nm at 77°K.
Taking these assumed values of loss and confinement factor from the as-grown 
material and inserting them into Equation 5.1 and by evaluating the transparency 
current density from the intermixed spectra a peak modal gain of 55.8cm-1 is 
found with a quantum well gain coefficient, I>y of 87.0cm-1 for laser ‘disl7’. The 
gain spectra are shown in Figure 5.8 and 5.9.
The gradient of the log-log intensity versus current graph in Figure 5.10 was found 
to be 1.6977 for the intermixed material QT938B which is between the expected 
values of 1 and 2 for high and low currents respectively. These expected values 
come from the relationship between electrons into the laser and the photons out

































Figure 5.9: Modal gain spectra for (d is l7 ’ showing Ith at 0.15A and ItT at 0.079A.
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Figure 5.10: Intensity versus current below threshold for ‘d is l7 \
of the laser. In the steady state, and neglecting Auger recombination,
4 r  = A N +  eV
(5.2)
where the first term  is the non-radiative recombination term  and the second the 
radiative recombination term. The intensity output from the laser is proportional 
to the radiative term  (N 2). So for small currents the non-radiative term dominates 
so that L opticaloc I2, and for larger currents the radiative term  dominates and L
opticalOL L
F u rth e r validation  checks.
Having evaluated the gain spectra it is possible to evaluate the coupling coefficient, 
C, such that
gCaic(hvi, A E f )
C =
gCaiib(hvi, A E f1)
(5.3)
where gcaic{hvi, A E ^ )  is the peak calculated gain using the analysis presented 
previously and gcaiib{hi/i  ^A E ^ fis  the peak gain from the calibrated spectra.
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Having evaluated C it was possible to make one final check on the validity of the 
experimental data [7] involving the measurement of the current spreading factor 
T)0 as defined by
Jspon  J n r  / r  a \no = — j  (5.4)
Jmeas
where J apon and Jnr are the current density contributions to spontaneous emission 
and non-radiative recombination and in combination are the total current density
injected into the active region. The current density entering the laser, J meas, is
defined per unit area per well as
Jmea. = (5.5)wLN weu
where w is the stripe width, L the cavity length and Nweu the number of wells. 
The non-radiative recombination current density per unit area per well is defined 
as
G TlL-r
= ----- - (5.6)
1~nr
where n is the carrier density per unit volume, Lx is the well width and rnr is the 
non-radiative carrier lifetime.
Finally the spontaneous current density per well per unit area is defined as
J  spon — zB n Lx (^'^)
where B  is the radiative recombination co-efficient. A typical value of this coeffi­
cient is lxlO-10cm3s-1 .
By combining 5.4, 5.5, 5.6 and 5.7 it is possible to show that
eL1 Jjneas   1 ^  1
1]inj Jspon  no J j ,
where rjinj is the current injection efficiency
spon L B  \
2 1
; r r  (5-8)TjoTnr
The spontaneous current density was calculated from the experimental data by
eL r°°
J ,pm{A E s) = - g -  j o r,p!m{h v ,/\E s )d(hu) (5.9)
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Figure 5.11: As-grown material QT938B with a current spreading factor of 8.8%.
where C is defined by Equation 5.3. The integral was evaluated by the trapezium 
rule over the measured energy range.
in Figure 5.11 and Figure 5.12. Laser 24 gives rj0 to be 8 .8 % and using this value 
gives a non-radiative recombination lifetime to be 0.032ns which is two orders of
of 4%. It is not possible to find the non-radiative lifetime as the well width and 
shape after intermixing are unknown.
5.1 .3  A nalysis o f  gain spectra .
Gain spectra were measured for one 250/mn laser and two 500^m long lasers and one 
1500^m long lasers of the as-grown material. Gain spectra were measured twice for 
two of the lasers (24 and 39) to test the reproducibility of the measurements. The 
effect of the position of hv\ in finding the quasi-Fermi energy was also assessed 
to see how this affected the gain spectra and specifically the peak gain of each
This analysis was applied to lasers 24 and 17 and the subsequent graphs are shown
magnitude smaller than found in earlier reports [5]. Laser 17 gives a lower value
spectra.
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Figure 5.12: Intermixed material QT938B gives an current spreading factor o f \% .
The summarised results in Table 5.1 show how the validation assessments presented 
in this thesis can differ from theory and can even differ if results are repeated on 
the same laser.
E rro rs  occuring during  analysis.
The largest errors are incorporated into the spectra during the calculation of the 
quasi-Fermi energy separation. The value of h.1/1 is chosen to be at a high energy, 
above the absorption edge, where the gradient of the log-lin intensity-photon energy 
plot is the same for all currents. The relationship between intensity and photon 
energy is due to the exponential relationship between intensity and quasi-Fermi 
level separation when the absorption coefficient is independent of current. For 
some spectra there were clearly features that could be contributions from the n = 2  
energy level transition and this made it especially difficult to assign a value to hi/i. 
An example of this is shown in Figure 5.13 where the n=2 peak can be seen at 
approximately 1.53eV.
However for the as-grown sample 15 it is possible to assess the effect of slight
variation in h.V\ on the calculated quasi-Fermi energy separation and subsequently











15 250 2.21 0.23 1.48 1434
24 500 0.83 0.24 1.66 485
u u 2.06 0.17 - -
25 500 2.54 0.22 1.30 1201
39 1500 1.99 0.44 1.28 1275
u u 1.34 0.43 1.28 1275
Table 5.1: The results presented in this table were used to assess the quality of the 
gain spectra measured for the as-grown material QT938-B.
the peak gain. The variation in quasi-Fermi energy separation for a 1 percent 
change in the value of h.v\ is shown in Figure 5.14 and the consequent change in 
peak gain and energy of peak gain is shown in Figure 5.15. The value of hz/i used in 
the analysed results was 1.4929eV and the values for + /-  1 percent were 1.5073eV 
and 1.4775eV.
Variation in the quasi-Fermi energy separation will affect the x-intercept of the gain 
spectra and therefore the full-width-half-maximum of the gain spectra. The gain 
spectra of as-grown 24 at threshold has a FWHM of 0.0278eV whilst intermixed 17 
has a FWHM 0.0446eV. This shows an increase in gain spectra width of 62% with 
intermixing. The FWHM of the photoluminescence peaks of ‘asg24’ and ‘disl7’ 
were 8.3nm and ll.Onm respectively at 77K which shows an increase in width 
of 75% due to the intermixing process. A more detailed study of relationships 
between gain width and photoluminescence width will be carried out for QT937A 
where there is more material with which to make comparisons.
5.2 R esults for QT937A.
Five samples from wafer QT937A were tested. One was not intermixed for compar­
ison and had a PL peak at 806nm at 77K and the other four were intermixed to give 
PL peaks at 77K at 792nm, 778nm, 738nm and 718nm, as shown in Figure 5.16. 
These samples were labelled A, B, E and D respectively. Each sample was cleaved
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Figure 5.13: Showing the log-lin spontaneous emission intensity versus photon en­
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Figure 5.14: Showing the variation in calculated quasi-Fermi energy separation for  
a 1 percent change in the value of hv\ used for the results presented previously for  
‘asg 15’.
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Figure 5.15: Showing how the peak quantum well gain coefficient and energy at 
peak gain vary due to a 1 percent change in hv\. The data is fo r currents of 0.23A, 
0.22A, 0.20A, 0.16A, O. l fA and 0.12A.(The points on the right o f the graph are 
for the highest currents.)
into five batches of lasers with different lengths for external quantum efficiency, 
scattering loss, quantum well gain coefficient and infinite length threshold current 
density measurements. Approximately half a dozen 500//m lasers from each sample 
were bonded and near fields measured. Using these and their light-current-voltage 
characteristics the “best” lasers were used for gain spectra measurements. Gain 
spectra of two or three lasers of each sample were tested for comparison. A novel 
experimental technique was used to calibrate these spectra which allowed each set 
of spectra to be individually calibrated [41].
5.2.1 L ight-C urrent-V oltage results.
Each sample was cleaved into a number of lasers of either 1000/xm, 900//m, 500//m 
or 250/im in length and the light-current-voltage characteristics measured. As 
before, for each graph, contact resistance, threshold current and quantum  efficiency 
were recorded. At room temperature the wavelengths for laser emission at just 
above threshold were as follows :- as-grown - 870nm, A - 853nm, B - 829nm, E -
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Figure 5.16: Photoluminescence spectra for material QT937A taken at 77K. A 
spectrum is shown for the one as-grown sample and the 4 intermixed samples A, 
B, E  and D.
770nm and D - 770nm.
For each sample a log-lin graph of threshold current density, Jth versus inverse 
length was plotted and these are shown in Figure 5.17. From these values of the 
quantum well gain coefficient and the infinite length current density, Joo were found 
for each sample and these results are given in Table 5.2. Inverse external differential 
quantum efficiency per facet, rjext versus length was also plotted to give the internal 
quantum efficiency, r]int and the scattering loss, a scat • These are also given in Table 
5.2. During the analysis the “best” data was selected. The most common problem 
was large threshold current densities which were removed as these were most likely 
due to bad contacts. Any other abnormal data was removed and the midpoint of 
the remaining points were used for this analysis.
This work is in disagreement with Ooi et al [7] which shows internal quantum effi­
ciency increasing with internal intermixing. However for threshold current density 
of an infinite length laser and scattering loss the trends in this work agrees with 
that presented here. The intermixing in this previous work was carried out by a 
similar IFVD process using a partial strontium fluoride cap with silica over the top
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Figure 5.17: Log-lin current versus light graph for the four intermixed samples and 
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Figure 5.18: Inverse external differential quantum efficiency, rjext, versus length 
for the four intermixed samples and one as-grown fo r  material QT937A.
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Material QW gain 
coeff. cm-1






As-grown 170 221 115 15.8
A 106 517 107 19.2
B 99.1 530 86 21.2
E 77.0 1135 86 29.4
D 111 1249 82 60.8
Table 5.2: Showing summary of results found from the light-current-voltage char­
acteristics for material QT937A.
to inhibit intermixing.
The internal quantum efficiency presented here is too high. Whilst the quantum 
efficiency measurements show a general trend as expected the numerical values are 
higher than is physically possible.
5.2.2 Near fields.
For each of the 500/zm bonded lasers the near field intensity pattern was measured. 
Ideally below threshold the near field intensity should be uniform across the 50^m 
stripe region. However, because of the window etched through the gold contact 
and highly doped capping layer, no current is applied to a region of approximately 
4/zm in width in the centre of the stripe for these lasers under test.
Ideally the near fields should not be affected by the etched window as diffusion in 
the highly doped capping layer should provide a uniform carrier density under the 
opening. But as can be seen in these near fields the window does create a small 
drop in the intensity due to non-uniformity of the carrier density across this region 
as shown in Figure 5.20. The intensity drop due to the window varies between 
the different lasers and varies for different applied currents. Since a matching set 
of near fields were not taken to match the gain spectra currents no attem pt was 
made to correct for the intensity drop in the spontaneous measurements. To reduce 
this effect still further in future measurements a more highly doped capping layer 
could be added during wafer fabrication or a narrower window could be etched for
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Figure 5.19: Near fields for lasers [top row]67 Ith =  0.27A (as-grown), 58 Ith =  
0.17A (A), 78(B) Ith = 0.20A, [second row] 42(E) Ith = 0.20A and 49(D) Ith = 
0.42A. The narrowness of the near field for material E  is probably due to the laser 
only lasing on one side of the stripe due to a bad contact.
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Current
Figure 5.20: An example of non-uniform current through the active region due to 
the window etched through the gold contact and highly doped capping layer.
spontaneous emission measurements. This would however also reduce the intensity 
of spontaneous light measured emitted especially at low current. Alternatively 
greater carrier uniformity could be achieved by only opening a short window in 
the contact and capping layer rather than along the entire length of the laser.
The sample made from material E has an especially narrow near field implying 
that only one side of the window is lasing. This is also upheld in the unusually 
low threshold current for this laser. This is most probably due to a bad contact 
on one side of the window. Whilst the gain spectra results for this laser were also 
reproduced with a second laser with good contacts on both sides of the stripe it 
is surprising that the results are so repeatable as the intensity measured through 
the window for this laser is in a non-uniform region of the electric field.
5.2 .3  C alibrated gain spectra.
One gain spectrum from each sample of material is presented in this section. Gain
spectra were measured for at least two lasers from each material to ensure repro-
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Figure 5.21: Showing an example o f a graph used for calibration of gain spectra and 
the clear coincidence of the calculated peak with the measured facet luminescence 
peak.
ducibility of peak gain and spectral width. Only lasers with the most uniform near 
fields were chosen for testing to this level.
C alib ra tion  resu lts.
The gain spectra in this section were calibrated using an experimental technique 
which removes the need to assume that the scattering loss and confinement factor 
were unaltered by the intermixing process. The equations for the calibration are 
given in Equation 4.31 and an example of the resulting graph is shown in Figure
5.21.
For completeness the computer generated spectra were also found for this material 
and compared to the measured gain spectra. This showed a sizable discrepancy 
between theory and experiment. For this data the calibration point where the 
spectra for several currents intersect can be used for comparison as seen in Figure
5.22. At least two lasers were tested producing broadly similar results to obtain












Figure 5.22: Theoretical results showing gain spectra for as-grown material
QT937A. The blue lines are experimental data and the red lines are theoretical.
the experimental data.
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Figure 5.23: Giving an current spreading factor of 4-8% for laser 63 for QT937A 
as-grown. The non-radiative lifetime evaluates as 0.0341ns.
e
-4 -3.5 -3 -2.5 -2 -1.5 -1













Figure 5.24: A slightly higher than expected gradient fo r  intensity  versus current















































Figure 5.26: Magnified gain spectra fo r  QT937A as-grown showing a peak modal
gain of f  3cm-1 and a transparency current of 0.295A.














y  =  389. l l x  + 6 .8939
0.002 0 .004 0 .006 0 .008  0.01 0 .012
(J spon)'1/2(A m ‘2)
Figure 5.27: Giving an current spreading factor o f I f  .5% for laser 58 for QT937A 
intermixed A.
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Figure 5.28: A sligtly higher than expected gradient for intensity versus current for  
QT937A intermixed A, laser 58. The slight curve is probably due to the radiative 
and non-radiative recombination regions. However there are not enough data points 
to meaningfully plot two regions.





























Figure 5.30: Magnified gain spectra for  laser 58 showing a peak modal gain of
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Figure 5.32: Showing two distinct regions due to radiative and non-radiative re 
combination.





















Figure 5.33: Calibrated gain spectra for QT937A intermixed B, laser 78
70
















Figure 5.34: Magnified gain spectra for  laser 78 showing a peak modal gain of
57cm~1 and a transparency current of 0.165A
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Figure 5.35: Givinq a current spreading factor o f 7.8% for laser 12 for material 
QT937A intermixed E.
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Figure 5.36: A slightly higher than expected gradient fo r  intensity  versus current
fo r  QT937A intermixed E, laser f2 .
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Figure 5.38: Magnified gain spectra for  laser 42 showing a peak modal gain of
42cm~1 and a transparency current of  0.145A.
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Figure 5.39: Giving a high current spreading factor o f 30% for laser f9  for material 
D.
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Figure 5.40: This plot for laser 49 (QT937A intermixed D) distictly shows two 
regions with different intensity-current relationships as would be expected.However, 
it would be expected that the lower current region to have a slightly higher gradient 



























































Figure 5.42: Magnified gain spectra for laser^9 showing a peak gain of 137cm 1 
and a transparency current of 0.292A.
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5.2.4 Analysis o f Gain Spectra.
A summary of the results from material QT937A are given in Table 5.3. These 

















laser63 43 24 4.8 1.28 151
laser 6 7 36 24 2.5 1.36 140
laser77 87 27 - 1.19 124
laser57 76 22 11.1 1.09 249
laser58 63 25 14.5 1.13 155
laser61 119 34 - 1.16 141
laser74 49 27 1.3 1.14 149
laser77 105 71 12.8 1.19 235
laser78 57 5.9 5.9 1.12 120
laser42 42 24 7.8 1.07 89
laser43 42 25 - 1.07 143
laser49 137 24 30.9 0 .9 0 /1 .2 0 384
laser51 148 24 - 0.99 320
laser56 147 28 - 0.93 347
Table 5.3: The results presented in this table were used to assess the quality of 
the gain spectra measured for the as-grown material QT937-A. The top box shows 
resuls for the as-grown material (laser 63, 67,77), the next box down is for material 
A (laser 57, 58, 61), the next material B (laser 74, 77, 78), the next material E  
(laser ,43) and at the bottom material D (laser 49, 51, 56). Those in bold font 
represent the results of the data presently fully in this chapter. The graphs for this 
data are shown in Figures 5.23 to 5.42.
Comparison between quantum well gain coefficient measured using the light-current- 
voltage data and the coefficient from the gain spectra show broad agreement. To 
emphasise this point this data is repeated in Table 5.4.
The previous results showed a broadening in the gain spectra as the amount of in­
termixing increased however this is not evident from this data. Table 5.5 compares 
the gain width to the PL width and shows that they are related. The results do 
show that a broad PL peak will tend to imply a broad gain spectrum. This would
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Table 5.4: Comparison of quantum well gain coefficient calculated from gain spectra 
and Light- Current - Voltage analysis.








as-grown 24 8.4 2.86
A 25 8.7 2.87
B 33 11.0 3.00
E 24 6.5 3.69
D 24 4.8 5
Table 5.5: Comparison of PL peak width and gain width for material QT937A. 
5.2.5 Carrier Lifetime M easurements.
Carrier lifetime measurements were broken down into two parts. The first part was 
to find the the relationship between radiative(B) and non-radiative(A) lifetimes 
and the second to find absolute values of radiative and non-radiative decay rates. 
The results presented here show ^ versus L~ 2 and L 2 for small values of L for each 
material in Figure 5.43. This gives a relationship between A and B 2 which is given 
in Table 5.6. The graphs used to calculate these values are given for comparison 
in Figures 5.43.
Graphs of time delay for differing currents were then plotted in Figure 5.44 for each 
laser. It is possible to evaluate the time dealy if the radiative and non-radiative 
recombination rates are known. Therefore by using the ratio of A and B it was 
possible to find a theoretical time delay data and fit this to the experimental data









as-grown 1.722 3.32 2.00
A 16.30 2.13 0.17
B 17.01 2.41 0.20
E 1.305 1.05 6.5
D 5.957 2.53 1.8
Table 5.6: Results of time delay measurements. Showing the rates o f radiative (B) 
and non-radiative (A) recombination in the active region.
by varying either A or B. The results of this are shown in Table 5.44. The values 
found for the radiative and non-radiative recombination rates are given in Table
5.6
Since intermixing introduces defects into the material it would be expected that 
the non-radiative recombination rate might increase with increasing intermixing. 
This trend is not seen though Figure 5.6. To obtain the ratio A to several 
light-current curves were analysed for each material.
The values obtained for B are around an order of magnitude smaller than the 
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Figure 5.43: Showing the Light-Current-Voltage analysis to find the relationship 
between radiative and non-radiative decay rates. The graphs on the right hand 
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Figure 5.44: Showing the resultant graphs of time delay versus current for the 5 
samples from material A. The continuous line represents theoretical results and 
the points are from experimental data.
Chapter 6
Conclusions
“To do successful research you don’t need to know everything, you just need to 
know one thing that isn’t known.”, Art Schawlow.
The results in this thesis show that it is viable to measure the gain spectra and 
carrier lifetimes for intermixed material.
Evaluation of gain spectra of laser material is a non-trivial measurement. However, 
this work shows that with a limited amount of material it is possible to obtain broad 
agreement between gain spectra from devices of the same length. Turn-on delay of 
spontaneous emission was also recorded to assess the radiative and non-radiative 
recombination rates within the material.
To ensure the highest degree of accuracy light-current-voltage results were taken for 
several lasers. Any laser exhibiting an anomaly (eg. high threshold current, kink) 
was not taken on to be tested further. For the gain spectra measurements several 
lasers were tested to achieve broadly reproducible results. For this reason the 
‘Conclusions’ chapter will concentrate on material QT938A for which significantly 
more data had been collected.
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6.1 Summary of results.
6.1.1 Light-Current-Voltage.
For material QT938A the light-current-volt age measurements showed that the in­
finite length threshold current density and scattering loss increased for increasing 
intermixing, the internal quantum efficiency decreased for increased intermixing. 
The quantum well gain coefficient values varied quite considerably between sam­
ple. The trend presented here for internal quantum efficiency is in disagreement 
with results published elsewhere [7]. This published work agrees with the trends 
for infinite length threshold current density and scattering loss.
6.1.2 Gain Spectra.
For the material QT93A typically three devices of the same length were tested 
from each sample to obtain the presented gain spectra. For each material there 
was found to be broad agreement between at least two sets of data.
The results for material QT938A show that for a significant amount of intermixing 
(lOOnm at room temperature) the peak in the modal gain and quantum well gain 
coefficient at threshold do not vary greatly. The values found for the peak modal 
gain broadly concur with those obtained from the light-current-volt age characteris­
tics. It is likely that if further samples had been available that a strong correlation 
would have been found in the peak modal gain measured by the two different tech­
niques (L-I-V and gain spectra). The current spreading factor generally increases 
slightly for increased intermixing. The gradient of the log-log light versus current 
plots decreases with increasing intermixing. This is caused by a decrease in the 
radiative recombination rate.
Near field testing allowed the affect of the window on the carrier density to be 
assessed. The data presented here shows that affect of the window on the below 
threshold measurements varied from sample to sample. Since the window for the 
spontaneous emission measurements were directly above any “dip” in the near
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field intensity a more thorough set of gain spectra could have been achieved if a 
current matching set of near fields had been taken for each sample. The intensity 
could then have been corrected to account for the intensity loss. Correction in the 
intensity due to any non-uniformity in the near field was not carried out in this 
work. Above threshold measurements show signs of filamentation.
A trend was clearly visible between gain spectra full-width-half-maximum (FWHM) 
and the photoluminescence (at 77K) FWHM and amount of intermixing. Material 
QT937A and QT938B showed that the width of the PL at 77K has strong influ­
ence on the final width of the gain spectra. This would allow some discrimination 
between samples prior to processing into lasers. For material QT938A the results 
showed that increased intermixing also increased the width of the gain spectra. 
The ratio of the PL width to the gain spectra width doubled for the PL shift of 
lOOnm.
The experimental gain spectra for the as-grown material were compared to the 
results from a computer model which calculated gain spectra. This showed a 
factor of two difference between the two data sets, the experimental data having 
the greater gain/absorption.
Since this work was started a new technique of gain measurement has been de­
veloped [45] at Cardiff University. The main advantage of this technique is the 
independent evaluation of the quasi-Fermi energy separation through separate 
measurement of TE and TM polarised light. A more accurate method of gain 
measurement would greatly reduce the time taken to produce results such as those 
presented in this thesis.
These results are the first reported gain spectra m easurem ents of inter­
m ixed m aterial by the m ethod outlined in [5].
6.1.3 Carrier lifetim es.
During intermixing, defects are introduced in to the quantum well material and 
this can be expected to increase the non-radiative recombination rate and decrease
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the radiative recombination rate. However, the experimental results showed that 
this is not what occurs.
The experimental time-delay measurements showed that the non-radiative recom­
bination coefficient actually slightly decreased for increased intermixing. This is 
contrary to the idea above and may imply that the addition of defects into the 
material has less effect than expected.
Trends for radiative recombination were not clear from these time-delay results. 
However, by looking back at the decreasing gradient of the log-log current versus 
light plot, and the reduced intensity of the PL plots for increased intermixing, it can 
be seen that the radiative recombination rate decreased with increased intermixing.
T hese results are the first m easurem ents of carrier lifetim es in inter­
m ixed m aterial.
6.1.4 Review .
Broadly similar quantum well gain coefficients were found through both light- 
current-volt age analysis and through the experimental gain spectra. In turn, the 
as-grown experimental gain spectra were in broad agreement with those calculated 
by a computer model.
A relationship has been shown to exist between photoluminescence spectral width 
and gain spectra width. This will allow any material with abnormally broad PL 
widths to be disregaurded for laser fabrication.
The resulted presented here imply that both radiative and non-radiative recombi­
nation rates decrease for increased intermixing.
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6.2 Future work.
The work presented in this thesis could continue along several avenues. An ob­
vious move would be to intermix material by different techniques and measure 
and compare the gain spectra from these. A more subtle comparison would be 
between anneal times and anneal temperature. Work so far has not shown any 
reason to prefer one intermixing method over another but further characterisation 
of material may show clear advantages to certain techniques.
A second avenue that future work could take is further characterisation of the 
material. With ever increasing demands being made of semiconductor lasers it 
is necessary to squeeze every last bit of speed, power and spectral width from 
devices by parameter optimisation. To this end there is a strong argument for 
further characterisation to be carried out.
Examining the spontaneous emission is a surprisingly powerful tool for material 
measurements. Results obtained from such measurements is thoroughly reviewed 
by Girardin [8]. From spontaneous emission spectra the following parameters can 
be found: gain; refractive index change via the Kramers-Kronig relations; linewidth 
enhancement factor; inter-valence band absorption; non-linear gain. Through 
study of the spatial intensity distribution of spontaneous emission scattering cen­
tres, temperature distribution and carrier density distribution can be found.
A third and important section of future work involves the modelling of gain spectra 
for intermixed quantum well material. However, whilst agreement between exper­
imental results and a computer model is enviable it has been pointed out by many 
authors that the complete modelling of gain spectra for semiconductor lasers is 
not a trivial feat and a number of recent papers show how further improvements 
to models have been made. This includes factors such as spectral broadening [58], 
Fermi level-pinning, current leakage [59] and band gap shrinkage [60].
A final course that this work could follow would be in applying the measured 
laser parameters to design devices. Indeed, the initial drive for this work was 
to measure the effect of selective area intermixing on a three section Q-switched 
laser. By shifting the energy gap of the two active regions such that at threshold
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the energy gap of the active region is equal to that in the passive region it should 
be possible to increase the pulse energy of the output.
6.3 Impact of the presented results.
This research has shown that the process of intermixing of quantum well material 
has no detrimental effects on gain spectra or carrier lifetimes. The results presented 
here were for samples which had been intermixed by varying amounts, upto a 
sizable shift of lOOnm. The knowledge of these parameters presented here will 
permit a more quantative approach to optoelectronic device design. It should now 
be possible to more accurately model a Q-switch laser and assess the effect of 
intermixing of the absorber section on the pulsed output. T h is  re su lts  of th e  
research  p re sen ted  h ere  is m o st likely to  have th e  b iggest im p ac t on th e  
m odelling  of sem ico n d u c to r lasers. The data collected will allow parameters 
for intermixed material to be used to improve the accuracy of the model.
Some of the early gain spectra results presented in thesis have been sent to a group 
at the University of Wales, Bangor to be used as a comparison for their model to 
calculate gain spectra of intermixed material.
The path has been laid to continue the work started at the University of Bath 
to further characterise similar material. An enhanced understanding of the ex­
perimental technique to measure gain has been acquired which will allow future 
results to be taken with improved speed and accuracy. Current work is underway 
to intermix material by a surface oxidation technique [27]. When this material 
is characterised it will be possible to compare with the results presented here to 
assess the advantages and disadvantages of the oxidation method of intermixing 
compared to the silica cap technique.
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